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Abstract
Cancer is one of the leading causes of death in todays world and also accounts for a major
share of healthcare expenses for any country. Our research goals are to help create a device which
has improved accuracy and treatment times that will alleviate the resource strain currently faced
by the healthcare community and to shed some light on the elementary nature of the interaction
between ionizing radiation and living cells.
Stereotactic radiosurgery is the treatment of cases in intracranial locations using external
radiation beams. There are several devices that can perform radiosurgery, but the Rotating Gamma
System is relatively new and has not been extensively studied. It has much flexibility as it uses
fewer radiation sources which are capable of moving around the patient, unlike other systems that
employ virtually static sources. We propose two new working modes of the RGS that will enable
it to further extend its operational capabilities. We have studied the operation of an RGS device
at the Rotating Gamma Institute in Debrecen, Hungary and have developed a Monte Carlo model
of the same. The simulation results of the normal modes of operation are in close agreement with
clinical results, thus validating our model. We have then used this model to propose the Intensity
Modulated Radiosurgery (IMRS) and the Speed Modulated Radiosurgery (SMRS) mode of the RGS.
In both modes, we can see that the penumbra falls off sharply along one axis which is required for
treating cases near critical organs. While the IMRS has a disadvantage of longer treatment times,
it is absent from the SMRS mode.
Current governing bodies state that any amount of radiation, with no threshold amount,
is harmful and must be avoided at any cost. While this assumption is safe for radiation safety
considerations, there is growing scientific evidence that the situation is more complex at low doses.
In the modern day, we are continually exposed to low-dose radiation. Diagnostic imaging is one
of the major contributors for exposure to low-dose ionizing radiation with over 70 million scans
ii

performed annually in the US. This calls for the study of the effect that low-dose radiation has on
cells. The scientific community is currently divided on the effect that low-dose radiation has on living
cells as experiments have not been able to provide conclusive results. We have designed an incubator
cabinet which allows the study of the effect of low-dose x-ray radiation on cells in a temperature- and
atmospheric-composition-controlled, radiation-safe environment. We use bremsstrahlung radiation
to excite quasi-monochromatic, fluorescent x-rays of a metal plate to act as a source that is used to
irradiate biological samples. We have also installed a photon-counting detector to characterize the
radiation incident on the cell cultures. By changing the tube current or by switching out the metal
plates we are able to effectively change the dose rate, and the energy of the radiation, giving us the
control to perform different experiments. Here, we have presented our device along with calculations
that prove the capabilities of our device. We hope that future research will shine some light through
the fog that currently engulfs radio-biology research in this radiation regime.
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Chapter 1

Introduction
The National Cancer Institute (NCI) defines cancer as follows: cancer is the name given to
a collection of related diseases in which the cells within the body begin to divide uncontrollably [1].
In 2015, it was found that 90.5 million people were living with cancer [2], with an estimate of 14.1
million new cases appearing per year [3], causing approximately 8 million death per year [4]. In the
United States, one in three women and one in two men will develop cancer during their lifetime [5].
With a cancer survival rate of 67% in the US [6], it is rightly called The Emperor of all Maladies
[5]. Due to the recent advancements and awareness on cancer, it is easy to mistake it as a disease
that is caused due to our modern lifestyles. But we would be mistaken to assume so. Records and
proof of cancer have been found in the texts [7] of ancient civilizations and in mummies from Egypt
and Russia [8]. With the help of modern medicine, we now have average lifetimes long enough
to experience a lot of cases of cancer. In most cases of cancer, the cells proliferate uncontrollably
and have the ability to spread to different parts of the body. This is due to specific but abnormal
changes that occur within the cell. More about these changes are discussed in the next section. The
trigger for these changes may be exposure to carcinogenic chemicals [9, 10, 11], lack of proper diet
and exercise [12, 13, 14], exposure to radiation [15, 16, 17], infection [18, 19] and genetic defects
[20, 21, 22, 23]. There are several modes of treatment for cancer depending on the condition of the
patient and how far the disease has progressed. Surgery to remove the cancerous tissue is performed
when the cancer is isolated and in early stages of development [24]. Chemotherapy, a treatment type
that uses anti-cancer drugs, can be administered as remedial, prolonging life or palliative modes [25].
Ionizing radiation is also used to treat cases of cancers in radiation therapy [26], radiosurgery [27]
1

and brachytherapy [28].
It has been observed that despite there being several different forms of cancer, all cancerous
cells share some common traits. These traits allow them to overcome the several checks placed in our
body and proliferate uncontrollably. In the following section, we will look at some of the common
traits of cancer cells.

1.1

Cancer: Cells with Super Powers?

Figure 1.1: The Hallmarks of cancer cells [29]

1.1.1

Self-controlled growth signals
Regular cells are usually dormant and perform their regular function. On receiving an

external mitogenic signal, mitogenesis is triggered and the cell switches from a dormant state to a
proliferative state. These receptors are capable of binding several groups of molecules like diffusible
growth factors, cell-to-cell interaction/adhesion molecules or extracellular matrix components to

2

name a few [29]. To the best of our knowledge, no ordinary cell can proliferate in the absence of
such external stimulus. Most tumor cells mimic these growth signals to achieve self-sufficiency and
independence from the normal tissue microenvironment. There are several ways in which the growth
signals are replicated. Many cancerous cells can synthesize the growth factors (GF) to which they
are responsive. This positive feedback loop is called autocrine stimulation [30]. Sometimes, the
receptors that detect the growth signal molecules and transmits the signals into the cells are altered.
They become hyper responsive and transmit growth signals even when the levels of growth factors
are low-enough to not trigger proliferation in regular cells [30, 31, 32] and in extreme cases, it may
also cause ligand-independent signaling [33]. The type of extracellular matrix receptors that are
expressed can be switched, to favor the ones that promote growth signals [34, 35]. There are several
indications that in human tumors, the growth signaling pathways are highly unregulated [36, 37].
There are several process that take place after the cell receives the growth signal. These possible
processes form the circuit through which signals are carried out within the cell and are illustrated in
the figure below. The change in the signal can happen at several places along the cell inner circuitry
as has been observed earlier [36, 38, 39]. It is to be noted that just the independence from growth
factor sources is not the full factor. It is becoming increasingly evident that other normal cells that
constitute the cellular microenvironment also play a major role in the proliferation of cancer cells
[40, 41, 42]. It is possible that the cancer cells may coax their normal neighbors into functioning in
their favor [43, 44, 45] and more validation of this hypothesis is required to get the bigger picture.

1.1.2

Immunity from anti-growth signals
Analogous to the growth signals, regular cells also receive anti-proliferative signals to main-

tain homeostasis and cellular stability. Similar to the growth signals, the anti-growth signals can be
an external growth inhibitor signal from the extracellular matrix and are received at the cell membrane receptors. Cell proliferation is stopped by either forcing the cell out of active proliferation
state to be reworked in the future or to permanently stop them from proliferating by forcing them
into a post-mitotic state [29]. Nascent cancer cells need to bypass these signals in order to thrive
and try to adapt the cell circuit that carries this signal in their favor. Most of these signals are
channeled through some specific protein pathways and these pathways are targeted and disrupted in
several ways [46, 47, 48, 49, 50]. In some cases, the circuit may lose responsiveness at several places
[50, 51, 52, 53, 54] while in others, they then develop dysfunctional receptors [50, 55]. Additionally,
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cancer cells also have the ability to turn off the anti-growth signals from the extracellular matrix
and promote pro-growth signals. There are also mechanisms through which the cells can block the
transmission into post-mitotic non-proliferative state [56, 57, 58].

Figure 1.2: Cellular circuits: illustration of the inner mechanisms of cells [29]

1.1.3

Preventing apoptosis
Apoptosis is the programmed self-destruction of cells. This is a major way through which

cell population is kept in control. It has been seen in several studies that resistance to apoptosis is
a signature of almost all types of cancer cells. Almost all cells in our body have this self-destruct
program. Once the sequence is initiated, the components of the cell are broken down within a span
of 30 − 120 minutes and the remnants of the dead cell are absorbed by the nearby cells within 24
hours [59]. The self-destruct sequence consists of two major sections: sensors and effectors. The
sensors monitor the environment within and around the cell, seeking signs that might lead to cell
death. These sensors, when triggered, set off reactions that lead to apoptotic death of the cell
[35, 60, 61, 62, 63, 64]. Most apoptotic signals evoke a response from the mitochondria, which
4

produces catalytic molecules to speed up apoptosis [65]. Apoptosis effectors are also present within
the intracellular matrix [66].
Apoptosis is considered a major obstacle for cancer [67, 68]. It is to be noted that the
ability of cancer to thrive is not just due to cell proliferation [69], but also majorly due to its ability
to evade apoptosis [70, 71, 72]. Cell apoptosis can be stopped by overexpression of the survival
factors [73, 74, 75] or by disruption of the kill-switch circuitry [76, 77, 78]. It has been observed that
whenever apoptosis in cells was prevented, either by inactivating the sensors or by suppressing the
apoptosis circuit, a rapid growth in tumor cells followed [79].

1.1.4

Inexhaustible replicative ability
Regular cells have a finite number of replicative cycles [80]. Once they have completed the

said number of cycles, they reach senescence, a stage where they do not grow anymore. The cells
can then be forced to continue to go through replicative cycles, by disabling certain proteins [29]
until they reach a second stage called crisis, which is characterized by large-scale cell death. The
limit for replicative cycles for regular cells is between 60 − 70 cycles. The cell does the counting of
cycles by observing the telomeres, the ends of chromosomes. In each cycle, a part of the telomere is
lost which finally leads to the apoptosis of the cell [81]. For the case involving malignant cells, it has
been observed that after these may cycles, the rate of cell apoptosis is almost equal to the rate of
cell accretion [82, 83, 84, 85, 86]. There is a very slim chance, 1 in 107, that a variant emerges from
this stage with immortalization [82], the acquired ability to continue on the replicative cycle with no
inhibition. Most cancerous cells have the ability to maintain telomere [87] levels above the critical
threshold, by either adding to the ends of telomeric DNA [88] or by maintaining telomeres through
the ALT mechanism [89], thereby giving them unlimited replicative potential. While immortalization
is clearly understood, there is little known about how cancer cells avoid cellular senescence [80, 90].

1.1.5

Sustained angiogenesis
Angiogenesis is the growth of new blood vessels. It is clear that flow of blood, which

carries oxygen and nutrients to the cells, is important for the survival and functioning of any tissue.
Thus, cells are located in a tissue such that there is a blood vessel in the vicinity( < 100µm).
During the development of organs and tissues, the growth of new blood vessels is temporary and
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is highly regulated such that it stops as soon as the requirement is met. Dormant blood vessels
and blood vessels sprouting new capillaries express different signals. This combination of positive
and negative signals, along with signals form the extracellular matrix decides if angiogenesis will
occur [35, 91, 92, 93]. It is to be noted that tissues do not have the intrinsic ability to encourage
angiogenesis and thus aberrant tissues lack the supply of nutrients and oxygen to prevent their
capability to rapidly proliferate [94, 95, 96]. The signal receptors for angiogenesis reside on the
surface of endothelial cells whereas the signal is carried by molecules in the extra-cellular matrix.
These signals bind to the receptors on endothelial cells [30, 97]. There are many evidences that show
the importance of angiogenesis for tumors [94, 95, 96, 98, 99, 96, 100]. It has been observed that
angiogenetic ability is developed by the cancerous tissue before the appearance of a full-blown tumor
growth [95]. Tumors induce angiogenesis by upsetting the balance between the positive and negative
angiogenetic signals [101, 102, 103, 104, 105]. Thus, tumor angiogenesis is required for most cases
of tumor for aggressive growth and thus can be a very effective treatment target for most cases of
cancer.

1.1.6

Metastasis and tissue invasion
Metastasis is a pathogenic agents spread from a primary site to a different site within the

hosts body [106]. This usually develops during the later stages of most cancer and is the leading cause
of fatality from cancers in humans [107]. As the cancerous cells proliferate at the primary location,
they compete for resources and nutrients and this ability lets them to depart from their primary
site and migrate to a new part within the body where there is no resource crisis at the moment.
At the new location, the cancerous cells recruit other healthy cells in their neighborhood to help
proliferate. Metastasis is a highly complex mechanism and is yet to be fully understood [29]. It is
believed that the mechanism is similar to the properties discussed above. There are several classes
of proteins called the cell-cell adhesion molecules, that bind the cells in place inside a tissue. These
proteins or their functioning are altered to get metastatic abilities [108, 109, 110, 111, 112, 113].
Metastatic cells also encounter new extracellular environment as they travel to new parts of the body
and this is quite challenging. To successfully migrate to these conditions, the cancer cells now adapt
by altering themselves such that they have a greater affinity to bind at these new substrates [91, 34].
The components of the extracellular matrix [114, 115, 116, 93] that holds the cells together, and
neighboring cells [117] are also altered and degraded such that they can now dock into new surfaces
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thereby enabling metastasis. The complexity arises from that fact that different kinds of cells are
involved along with different kinds of extracellular environments. The mechanism of metastasis is
not fully understood because of this reason, unlike the other properties discussed above which involve
only a limited number of participants.

1.2

Research Objectives
According to the CDC, the total annual national health expenditure of the US in 2016 was

$3.3 trillion [118]. This is approximately 18 % of the entire country’s GDP [119] that year. Our
research goals are two folds: i) to help create devices that with improved treatment accuracy while
reducing the treatment time thereby freeing up more resources and infrastructure and, ii) To help in
better understanding of the fundamental nature of radiation and how it effects cell. This will help
in paving way for new modes of treatment procedures and safer radiation based equipment. The
goals are explained in more details int eh following subsections:

1.2.1

Objective 1:
Stereotactic Radiosurgery (SRS) is a form of external beam radiation therapy that employs

3D target localization, known as stereotaxy, to guide several finely collimated radiation beams. The
multiple radiation beams intersect at a focal spot to deliver a single, precisely localized, high dose
of targeted radiation with low treatment planning margins [120]. SRS was mainly restricted to
intracranial locations and are recently used to treat regions near the spine [121]. SRS devices may
use high energy x-rays, accelerated particles or gamma-ray photons to deliver the dose and there are
a number of device in the market currently of each kind. Highly accurate dose delivery is important
for the treatment of cases near critical structures of the brain or near organs at risk. Intracranial
radio surgical treatments performed with various types of devices have been well documented in
the literature [122, 123, 124, 125], but papers describing the dosimetric capabilities of the RGS
type machines are sparse [126, 127, 128, 129]. We propose to investigate the dosimetry of Rotating
Gamma Systems (RGS) by creating a Monte Carlo (MC) model of the device in Geant4 and verify
it to pave way for further development. We would also like to suggest two new working modes of
the RGS that would bolster this devices clinical application to regions in close proximity to organs
at risk.
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1.2.2

Objective II: effect of low-dose radiation on cells
We are continually exposed to low-dose radiation in our daily life from a variety of sources

like, background radiation, cosmic radiation, diagnostic procedures and sometimes from fallouts from
industrial and military activities [130]. While the release of the nuclear bombs during World War
II led to public opinion being swayed towards nuclear nonproliferation [131], the Nuclear disaster
in Chernobyl sowed seeds of fear [132, 133] within peoples minds towards any forms of radiation.
Soon, stricter regulations were put in place and any radiation, no matter how weak in energy or
intensity (no threshold), was presumed harmful and this led to the establishment of the linear nothreshold model [134]. In the following decades, there were several studies that suggested that
radiation, especially at low energies, may not be harmful for humans [135, 136]. There were also
data from the various space missions to suggest the same [137]. Currently, the scientific community
is divided on the effect of low-dose radiation on humans. Some studies have shown that is harmful
[138, 139, 140, 141, 142, 143], while some other have concluded otherwise by observing hormesis
[144, 145, 146, 147], and some were inconclusive [145]. There is a need for a controlled study that
can solve this conundrum once and for all. It requires a setup that can deliver a fully characterized
low-dose radiation to the target cells. Our goal is to build and commission such a device which will
enable the study of the effect of low-dose radiation on living cells.
Chapter 2 and 3 have the fundamental principles and a summary of previous literature that
has motivated our work. In Chapter 4, we discuss our work in the improvement of RGS, expanding
their capabilities to perform near critical organs. In Chapter 5, we discuss a new setup that can be
used to do a systematic study of the effect of low-dose radiation on cells which will once and for all
dispel all ambiguity on the effect of low-dose radiation and any adverse effect that they may have
on us. Chapter 6 discusses the conclusion of our research project and the results we have obtained
so far. It also highlights the scope of some future studies that may stem from the current results.
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Chapter 2

The Physics of Radiation
2.1

Electromagnetic Radiation
By definition, electromagnetic-waves are coupled oscillating electric and magnetic fields that

propagate through space carrying energy and momentum at the speed of light. They are transverse
in nature with the electric and magnetic oscillation taking place in planes perpendicular to each
other and the direction of propagation. Their phases may differ as they travel through different
media. Thus, they can be characterized by their wavelength, frequency, and phase angle. These
waves are generally produced by charged particles subject to acceleration [148, 149] and interact
with other charged particles and fields. Electromagnetic waves carry linear momentum, angular
momentum, and energy. This energy is carried away from the source and can be imparted into the
materials that they interact with. In general, their propagation is governed by Maxwell's equations
[150].
Alternatively, quantum electrodynamics, the most advanced theory of the electromagnetic
interaction, considers electromagnetic waves to consist of photons, which are charge-less elementary
particles with no rest-mass. These are quanta of the electromagnetic field which form the basis of all
electromagnetic radiation [151]. Quantum electrodynamics [152] also dictates how electromagnetic
radiation interacts at the atomic level. In addition to the aforementioned sources, electromagneticwaves can be produced from various quantum effects like atomic and molecular transitions and
black-body radiation [153]. Each photon has a defined quantum of energy, which is proportional to
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its frequency as described by the Plancks equation [154].

E = hν

(2.1)

Where h is Plancks constant, ν is the frequency of the photon, and E is the energy carried away
by a single photon. The classical and the quantum explanations of electromagnetic-waves do not
contradict each other. The two intersect in the concept of the wave-particle duality of Nature — all
particles exhibit wave properties [155, 156] and vice-versa.

p = h/λ

(2.2)

where p is the particle’s momentum and λ is the corresponding wave’s wavelength.
For historical reasons, different regions of the electromagnetic spectrum are known by different names. For example, the tiny part of the spectrum that is visible to the human eye is called
the visible or optical part of the spectrum. Electromagnetic-waves of the lowest energy are used
for wireless communication and are called radio waves. The waves with the highest energy is called
gamma-rays and they usually have extraterrestrial origins. Figure 1 is an illustration of the electromagnetic spectrum and its constituent regions.

Figure 2.1: The electromagnetic spectrum [157]

How the different types of electromagnetic waves affect materials, chemical compounds, and
10

biological organisms are all different and depend on the energy that the photons carry along with
the incident intensity and frequency. Hence, we can classify electromagnetic waves into ionizing and
non-ionizing radiation depending on their ability to ionize target materials. Visible light and all
electromagnetic waves carrying lesser energy, namely infrared, microwaves, and radio waves all fall
under non-ionizing radiation. Whereas electromagnetic waves carrying more energy than the visible
spectrum viz. ultra-violet waves, X-rays, gamma-rays and also particles emitted by radioactive
elements all fall under ionizing radiation. Since non-ionizing radiation does not have enough energy,
it does not interact much with the media through which it passes — at most leading to heating
effects due to combined energy transfer by multiple photons. Ionizing radiation, on the other hand,
has the energy to ionize molecules or break chemical bonds. Due to this destructive property,
ionizing radiation can cause damage to biological cells and living tissue. Consequently, ionizing
radiation is used in treating cases of cancer inside the body where it is used to selectively 'destroy'
the cancerous tissues. In the subsequent sections, we will look more closely at the different kinds of
ionizing radiation, their sources and properties, how they interact while propagating through media,
and how we measure the amount of damage that they do to biological cells. We will also discuss the
different quantities used to measure this damage, both in the lab and in the clinic.

2.2

Ionizing Radiation
As discussed earlier, radiation that is capable of ionizing the atoms and molecules of the

medium through which it passes is called ionizing radiation. Both charged and uncharged particles
can be sources of ionizing radiation. Each group can be further classified as follows:
• Charged particle radiation
– fast electrons or positrons
– heavy charged particles
• Uncharged radiation
– electromagnetic radiation
– neutrons
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In the above classification, heavy charged particles include alpha particles, protons, fission products,
or other products of nuclear reactions [158]. Fast electrons or positrons include beta decay particles
and emitted in a nuclear decay and other processes. Electromagnetic radiation mentioned above
primarily refers to the X-rays that are emitted in atomic transitions and gamma-rays that are a
result of transitions between nuclear energy levels. Neutrons, both fast and slow, are the by-products
of nuclear reactions.
The energy of ionizing radiation typically ranges between 10 eV to 20 MeV. Photons carrying
energy lower than 10 eV do not have enough energy to ionize materials and the upper limit of 20
MeV is the typical upper bound of energy used in radiotherapy devices [159]. Sometimes ionizing
radiation is also classified according to its hardness, i.e., its ability to penetrate different thicknesses
in media. This, again, depends on the energy of the radiation in question. Low energy X-rays and
alpha particles cannot penetrate deep into the material and are considered soft, whereas high energy
X-rays and gamma particles are able to penetrate deep into the medium and are considered hard
radiation.

2.2.1

Units and Definitions
Before we proceed further, we need to look into some units and definitions that will be

used in our further discussions. Radioactivity [160] is defined as the spontaneous disintegration of
atomic nuclei resulting in the emission of alpha particles, beta particles, and/or gamma photons.
The activity of a radioactive source is defined as the rate of decay of its nuclei and is given by the
law of radioactive decay:
dN
= −λN
dt

(2.3)

where N is the number of radioactive nuclei and λ is the radioactive decay constant.
Historically, the curie (Ci) was used as the unit for activity. It is defined as 1 Ci = 3.7×1010
disintegrations/second which is the best estimate of the activity of 1 gram of 226 Ra. For laboratoryscale experiments and measurements, millicurie (mCi) or microcurie (µCi) are more suitable orders
of magnitudes to use.
The SI unit of activity is the becquerel (Bq). This was adopted at the 1975 meeting of
the General Conference of Weights and Measured (GCPM) and is defined as one disintegration per
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second and has now become the standard of activity [161]. In relation to the curie
1 Bq = 2.703 × 10−11 Ci

(2.4)

It is to be noted that the activity refers to the disintegration rate of a particular source in question.
The specific activity of a radioactive source is defined as the activity per unit mass of the radioactive
sample. For a pure radioactive sample, the specific activity can be calculated as follows:

Specif ic activity =

λN
λN
activity
= NM =
mass
M
A

(2.5)

v

where M is the molar weight and N is the number of nuclei of the sample, Av is the Avogadros
number. λ is the decay constant of the isotope and it is equal to λ =

ln2
t1/2 ,

where t1/2 is the half-life

of the radioactive nucleus in question.

2.2.2

Energy
Traditionally, the kinetic energy of charged particles is measured in electron volts or eV . It

is defined as the kinetic energy gained by an electron upon being accelerated by an electric potential
difference of 1 volt. This is a convenient unit when dealing with particle radiation as it is easy
to calculate the energy it obtains from the electric field (potential difference × charge). In the
laboratory, kilo electron volt (keV ) and mega electron volt (M eV ) are commonly used. The SI unit
of energy is joule (J). It is related to the electron volt as follows:
1 f J = 10−15 J = 6.241 × 103 eV

(2.6)

For non-particle radiation, like X-rays and gamma-ray photons, the energy is related to the radiation
frequency by the Plank-Einstein relation [154]:

E = hν

(2.7)

where h is the Planck constant (6.626 × 10−34 Js or 4.135 × 10−15 eV s) and ν is the frequency of
the electromagnetic wave. The wavelength is related to the photon energy by λ = 1.240 × 10−6 /E
where E is in eV and λ is in meters.
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Table 2.1: Some pure β-emitters and their properties
Isotope
half-life
max
Cu-66
Pb-209
Y-91
Sn-123
Bk-249
Ru-106
Pm-147
Kr-85
Cd-113m
Ar-42
Sm-151
Ni-63
Si-32
Ar-39
C-14
Pd-107

2.3
2.3.1

9.74E-06
0.00038
0.16
0.354
0.877
1
2.6
10.8
14.1
32.9
90.1
100.2
172.1
269.2
5734
6.50E+06

2640
644.4
340.9
314
125.7
39.4
224.6
173.4
580
600
54.8
66.9
225
565
156.5
33

Sources of Ionizing Radiation
Fast Electrons
The most common source of fast electrons is a radioisotope that decays via a beta-minus

emission. Schematically, it can be written as:
XZ −−→ AYZ+1 + β − + ν̄

A

(2.8)

where X is the initial or parent nucleus, Y is the product or daughter nucleus, and ν̄ is the antineutrino. To conserve momentum, the recoiling nucleus Y will have a small recoil energy which is not
enough to ionize media and, therefore, can not be detected. Neutrinos and antineutrinos have small
interaction cross-sections with materials and remain undetected for all cases. As radionuclides are
produced by neutron bombardment of stable atoms, there are a variety of beta emitters with halflifes ranging from a fraction of a second to a few years. A small sample of the list is provided in Table
1 and a more comprehensive list can be found at the website of the University of Wisconsin-Madison
[162].

The nuclear products from most beta-decays end up excited states and they de-excite by

emitting gamma photons along with secondary beta-particles. Since the recoil energy of the product
nucleus is almost zero, the energy is mostly shared by the beta particle and the antineutrino. As a
14

Figure 2.2: The decay scheme of

36

Cl

result the beta particles may have energies between the Q-value of the reaction and zero, usually in
the M eV range.

2.3.2

Internal Conversion
Internal conversion occurs when the nucleus is at a higher energy state and and its relaxation

to the ground state takes place by the emission of a beta particle. Due to the discrete energy levels
of the excited nucleus the emitted beta particles are mono-energetic. In these cases, the nuclear
excitation energy Eex is directly transferred to one of the orbital electrons in the atom, which then
leaves the reaction site with a kinetic energy of

E = Eex − Eb

(2.9)

Here Eb is the binding energy of the electron in the atomic orbital it is ionized from. Due to the
excitation energies of the nuclei these electrons usually appear with kinetic energies in the range of
high keV to M eV . A list of transitions yielding internal conversion electrons can be found in the
Handbook of Radioactivity Analysis [163].
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Figure 2.3: Internal conversion of the isomeric level in metastable

2.3.3

113

In

Auger Electrons
Auger electrons are generated in a similar way to internal conversion electrons, but the

energy comes from a metastable atom instead of a metastable nucleus. The atom may become
unstable due to an electron capture or it might have a vacancy due to some preceding process.
This vacancy may be filled by an outer electron giving rise to characteristic photon or the available
energy may be directly transferred to another bound electron. The result of the latter case is that
the ionized electron will travel with a kinetic energy that is the energy difference between the initial
atomic excitation energy and the binding energy of the second electron. For this reason, Auger
electrons also produce a discrete energy electron-spectrum in the range of few keV . This process is
mostly favored in low-Z elements for quantum mechanical considerations.

2.4
2.4.1

Sources of Heavy Charged Particles
Alpha Decay
Energetically unstable heavy nuclei undergo spontaneous emission of alpha particles to be-

come stable. This decay is governed by the quantum barrier penetration mechanism [164]. The
half-life of sources varies from days to many thousand years [165]. Using the same notation for the
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parent and daughter nuclei as in 2.8 the decay process can be written as:
A

XZ −−→

A−4

YZ−2 + 4α2

(2.10)

Alpha particles are mono-energetic as the nuclear energy levels are discrete and the energy is shared
between the recoil nucleus and the α-particle in a way such that each α-particle appears with the same
energy of

Q(A−4)
.
A

Q is the Q-value (the energy liberated in the nuclear process) that characterizes

the decay. In some instances, there may be more than one transition for the excited nucleus to
decay to and the α-particle spectrum consists of particles with different well-defined energies [165].
α-particle energies vary between 4 M eV and 6 M eV and they correlate with the half-life of the
parent element. α-particles having 6 M eV correspond to some of the shortest half-lives. Below
4 M eV , the probability for barrier penetration becomes very small and the half-life of the parent
becomes too long (meta-stable nucleus).

2.4.2

Spontaneous Fission
Fission is the splitting up of a heavier nucleus into two lighter nuclei. Spontaneous fission

is usually seen in extremely heavy nuclei and is very rare. Each fission gives rise to two fragments
which travel in opposite directions. These fragments are medium weight with a positive charge and
this process is asymmetric in nature, i.e., the fragments are clustered in heavy and light groups
having an average mass-numbers of 143 and 108 respectively [166]. These fragments share around
185 M eV energy on average with the light fragment receiving a bigger portion of the energy due to
the conservation of momentum.
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Figure 2.4: Fission product yields for
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235

U from P.Lux [166]

2.4.3

Electromagnetic Radiation

2.4.3.1

Gamma-rays Following Beta Decay
Gamma radiation can be emitted after a beta decay while the nucleus is in the transition

from an excited nuclear state to a nuclear state with lower energy. These are excited states of the
daughter nucleus that are created during the beta decay of the parent nucleus. One of the decay
schemes is shown in Fig. 2.5 [158]. As the average lifetime of the excited daughter nucleus is much
smaller than the lifetime of the parent undergoing beta decay the gamma photons appear along with
the half-life characteristics of the parent beta decay. Again, as the nuclear excited states have welldefined energies, the energies of the gamma-rays, emitted due to transitions between these states
are also mono-energetic. Most gamma-ray sources have energies below 2.8 M eV determined by the
excited energy levels available in nuclei.

Figure 2.5: The decay scheme of

2.4.3.2

60

Co

Annihilation Radiation
Additional electromagnetic radiation is generated when a parent nucleus undergoes beta-

plus decay. The positrons emitted in the primary decay process are do not travel far from their
origin as there is an abundance of electrons, their antiparticle pair, they can get annihilated with.
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Annihilation is the destruction of a particle and its antiparticle counterpart as a result of their
spatial proximity. In the case of an electron-positron pair annihilation radiation is in the form of
two photons of energy 0.511 M eV travelling in opposite directions due to momentum conservation.

Figure 2.6: Annihilation radiation can follow a 22 Na to 22 Ne nuclear reaction. In this beta-plus
decay process a position is created that can annihilate with an electron in the proximity of the
nucleus.

2.4.3.3

Gamma-rays Following Nuclear Reactions
For gamma-rays of higher energy to be generated, higher excited nuclear energy levels must

be populated. This usually happens in nuclear reactions. Some examples are shown below
C∗6 + 1n0

(2.11)

O∗8 + 1n0

(2.12)

4

α2 + 9Be4 −−→

12

4

α2 + 13C6 −−→
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In the first reaction, the lifetime of C in the excited state is very short and, hence, we gamma
photons experience a Doppler broadening due to Doppler shift. In the case of oxygen, the lifetime
is long enough for the daughter nucleus to slow down and mono-energetic gamma-ray photons of
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6.130 M eV can be observed. Usually, α-emitters are also mixed with other material for higher yield.
For example,

238

PuO2 with an activity of 6 × 109 Bq when combined with isotopically separated

200mg of
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2.4.3.4

Bremsstrahlung Radiation

C yields 770 photons/sec of 6.130 M eV gamma photons [167].

When fast-moving electrons are suddenly slowed down, a part of their kinetic energy is
converted into electromagnetic radiation called bremsstrahlung. The amount of energy converted
to radiation increases with the incident kinetic energy and is higher for stopping material with the
higher atomic number. This is an important process for the production of X-rays from conventional
X-ray tubes. Since any amount of the incident kinetic energy may get converted to electromagnetic
radiation, bremsstrahlung radiation produces a continuous spectrum. This is in contrast to the
previous sources of radiation mentioned above as they are mostly mono-energetic due to the nature
of their origin. Since bremsstrahlung radiation has a continuous spectrum, filtering is usually used
before their use in different applications.
Bremsstrahlung radiation can also be observed when fast electrons being emitted from
active beta-sources. When these beta electrons interact with atoms in the absorber media apart
from bremsstrahlung characteristic X-rays can also created (discussed below). In this case the
bremsstrahlung spectra is populated with characteristic peaks representative of the absorber media.
2.4.3.5

Characteristic X-rays
Fast-moving electrons and other radiation can ionize inner-shell electrons of atoms. The

electrons from the higher energy levels fill the vacancy with the emission of a photon to ensure
energy conservation. This is a fast transition, on the order of nanoseconds, and the corresponding
X-ray energy is unique for each element as it depends on the energy difference between its electronic
levels. These radiations are called characteristic X-rays. They are often used as atomic signatures
to identify elements of an unknown sample.

21

Figure 2.7: Bremmstrahlung radiation [168]

As an example, let an electron be ionized from the K shell of an atom. If an electron from
the L shell fills the vacancy the photon emitted will have an energy equal to the energy difference
between those two levels and is called a Kα photon. If an electron from the M shell fills the vacancy,
it will have higher energy and is called a Kβ photon. Hence, the highest energy that we can get
from a K−shell electron being ionized will be the binding energy of K−shell electron. Vacancies
created by electrons filling the vacancy of the K−shell can be filled by other electrons at even higher
shells and we get a subsequent series of X-ray photons. It is to be noted that the intensity of lines
from subsequent higher series can be lower than the K−series due to competing atomic processes.
As discussed earlier, the energy of the K−series of X-rays depends on the element from which it is
produced and varies from 1 keV for sodium, which has a Z = 11, to 100 keV for radium with a
Z = 88. The characteristic X-ray energies of some elements are listed in Table 2 and more can be
found in literature [169].
It is to be noted that an atom may be excited to a higher state by a variety of physical
22

Figure 2.8: Characteristic X-ray radiation [168]

processes like excitation by radioactive decay or excitation by external radiation and, therefore,
characteristic X-rays can also be found as secondary radiations from any of the above processes.
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Table 2.2: Characteristic Kα X-ray energies of a few elements
Atomic Number Element K-a Energy (keV)
11
13
17
20
26
28
29
42

2.4.4

Na
Al
Cl
Ca
Fe
Ni
Cu
Mo

1.041
1.487
2.622
3.692
6.404
7.478
8.049
17.479

Neutrons
Excited nuclei can also decay by neutron emission. But this does not happen naturally

and some prior event must excite the nucleus to higher energy levels. A few of these processes are
summarized below.
2.4.4.1

Spontaneous Fission
Many heavy nuclides have high fission decay probability. Each fission event emits several

fast neutrons, so these elements can serve as good neutron sources. As has been discussed earlier,
fission can have several other by-products like gamma-rays, beta particles, etc. For these elements
to be used as neutron sources, they are usually encapsulated in thick containers such that just the
neutrons and gamma-rays emerge out from the source. A common example of a neutron source is
252

Cf , which has a half-life of 2.65 years and is produced in the decay of almost all transuranic

elements.

Table 2.3: Characteristics of Be(α, n) neutron sources [158, 170, 171]
Source
239

P u/Be
P o/Be
238
P u/Be
241
Am/Be
244
Cm/Be
242
Cm/Be
226
Ra/Be
227
Ac/Be and daughters
210
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Half-life

Eα (MeV)

24000
138
87.4
433
18
162
1602
21.6

5.14
5.3
5.48
5.48
15.79
6.1
Multiple
Multiple

2.4.4.2

Radioisotope Sources
Neutrons are also produced in the direct decay of several radionuclides. A number of target

materials can lead to (α, n) reactions for α particle energies that are available during radioactive
decay. It has been found that the maximum yield is possible when beryllium is used
4

α2 + 9Be4 −−→

12

C6 + 1n0

(2.13)

Neutrons produced through this reaction have an energy of 5.71 M eV .
2.4.4.3

Photo-neutron Sources
Certain gamma-emitting radioisotopes can be used to produce neutrons under favorable

conditions. Excited nuclear states can be achieved by the absorption of a gamma-ray photon which
then allows the emission of a free neutron. 9 Be and 2 H are two nuclei for which the reaction yield
is high enough to be of practical use.
9

Be4 + hν −−→ 8Be4 + 1n0 − 1.66 MeV

2

H1 + hν −−→ 1H1 + 1n0 − 2.226 MeV

(2.14)

(2.15)

One advantage of employing photo-neutron sources is that the resulting gamma-ray photons
are mono-energetic, which yields neutrons energies that are also mono-energetic. A major disadvantage is that a large number of gamma-ray photons are required to make the intensity of this source
high enough to be applicable for practical purposes.
2.4.4.4

Reaction from Accelerated Charges
Deuterons can be created in an ionized form and can be accelerated to attain high energy

in accelerator facilities. If they collide with a deuteron or tritium rich targets neutrons are produced
in the process.
The DD reaction:
2

H1 + 2H1 −−→ 3He2 + 1n0
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Q = + 3.26 MeV

(2.16)

The DT reaction:
2

H1 + 3H1 −−→ 4He2 + 1n0

Q = + 17.6 MeV

(2.17)

The properties of neutron generator sources can be found in the literature [172, 173]. The
Coulomb barrier for low Z elements is low, so the deuterons need not have high kinetic energy
to make these reactions possible. Deuterium ions are accelerated by 100 − 300 kV potentials and
the resulting neutrons that are produced are approximately of the same energy. For example, in
a neutron generator a 1 mA beam of deuterons will yield approximately 109 neutrons/sec when a
deuterium target is used and approximately 1011 neutrons/sec when a tritium target is used. Other
elements, like 9 Be(d, n), 7 Li(p, n) and 3 H(p, n) are also often used, but they require higher incident
particle energy for the reaction to take place. Cyclotrons and Van de Graff accelerators are generally
used for these reactions to be utilized as a neutron source.

2.5

Interaction of Radiation with Matter
The operating principles of detectors of ionizing radiation are based on the interaction of

radiation with the material of the detector [158, 174]. In this section, we discuss how ionizing
radiation interacts with matter and, accordingly, the methods to detect it. Following the discussions
in the previous section, we could split the discussion of the interactions into the following four
radiation categories:
• Charged particle radiation
• Fast electrons
• Uncharged radiation
• X-rays and gamma-rays
Particles belonging to the first two categories interact with the medium primarily through the
Coulomb force with electrons of the medium. The particles in the last two categories are uncharged
therefore they must first undergo an interaction with a charged particle involving either the the
nuclei of the atoms or electrons in the media. In most cases, the outcome is a partial or full energy
transfer resulting in excited atoms or free electrons. Subsequent processes distribute the energy
within the medium in a way that in the end an electric signal is created that signals the arrival of
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the particle and in most cases proportional to the deposited energy.If this reaction fails to take place
within the detector, then radiation will pass through the detector undetected. For example, X-rays
and gamma-rays can completely transfer their energy to the medium and the effect of daughter
particles produced is similar to the interaction of fast electrons described earlier. Devices used for
gamma-ray detection are tuned to promote such interactions and to fully contain the secondary
particles, so that the entire energy from the gamma-ray photon may be absorbed and be accounted
for.

2.5.1

Interactions of Heavy Charged Particles

2.5.1.1

Nature of Interaction
Heavy charged particles primarily interact with orbital electrons via the electric (Coulomb)

force. Interaction with the nucleus, albeit rare, is possible, but it does not greatly affect the detection
process.
Upon entering the medium, the charged particle interacts with free and bound electrons of
the medium. Depending on the proximity of the charge therefore the strength of the interaction,
bound electrons may be excited to a higher energy level (excitation) or be completely removed from
the atom (ionization). The energy required to excite or ionize the atom comes from the incident
charged particle and its kinetic energy is reduced after the interaction. There is a limit to the amount
of energy that the incident particle can transfer in each interaction (4Em0 /m), so in general several
interactions are needed to deposit all its energy into the medium. The incident particle can slow
down and eventually lose most of its energy and stop. This interaction can be characterized by its
range in any given absorbing material.
For example in photo-multiplier tubes radiation creates an initial free electron that multiply
in a chain of acceleration and emission processes to create an output current signal. In other detectors
electric field is applied to separate initially generated electron-hole pairs to create a similar output
current.
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2.5.1.2

Stopping Power
The linear stopping power, S, for a charged particle in a given absorber is defined as the

rate energy loss by that particle per as it travels within the material.

S=−

dE
dx

(2.18)

It is also called the specific energy loss. For any given particle, S increases as it loses its velocity
within the material. The expression that connects the properties of the particle and that of the
medium to the specific energy loss is known as the Bethe formula [158].
dE
4πe4 z 2
=
NB
dx
m0 v 2

(2.19)

2m0 v 2
v2
v2
− ln(1 − 2 ) − 2 ]
I
c
c

(2.20)

−
where
B ≡ Z[ln

v and z are the velocity and charge of the primary particle, N and Z are the number density and
atomic number of the medium, m0 is the rest mass of electron and e the elementary charge. For
most cases, v << c and only the first term carries a reasonable contribution.
Bethe formula breaks down for ions at low energies, because when they slow down they
capture electrons and get neutralized.
2.5.1.3

Energy Loss Characteristics
The Bragg-curve: The specific energy loss along the track of a particle is called the Bragg-

curve. The Bragg-curve for alpha particles can be seen in Fig. 4.8. As α-particles have a charge of
+2e and, as predicted by equation 2.19, the specific energy increases as 1/E. Towards the end of its
track, the α-particle loses its charge by electron capture and the curve falls off. Particles with higher
charge start capturing electrons early compared to lower charged particles in the same medium.
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Figure 2.9: Specific energy loss of alpha particles in air by Helmut Paul [175].

Energy straggling: The interaction of charged particles with the neighboring media is a
stochastic process which results in the energy spread of the beam as it passes through an absorber.
The width, δE, resulting from interacting with the absorber medium is called energy straggling and
varies with distance along the particles path. An illustration of this effect is shown in Fig. 2.11
below: The beams energy spreads out initially and narrows down at the end of its range as the
particle energy has been reduced considerably.
Particle range: Particles lose their energy as they travel through an absorber medium.
Their mean range is defined as the medium thickness that reduces the energy of the particle to zero.
Sometimes an extrapolation method is used by extending the final, linear part of the curve to find
zero position. As the definition suggests, the range of a certain type of charged particle depends on
the absorbing medium. Experimentally, range data have been collected by performing measurements
with a beam of mono-energetic charged particles. Detailed reports for example may be obtained from
compilations like the Radiobiological Health Handbook issued by the U.S. Department of Health,
Education and Welfare [177].
Range straggling: is defined as the fluctuation in the range of particles starting with
the same initial energy. Again, statistical reasons that lead to energy straggling also lead to range
straggling. For heavy charged particles, the straggling can be a few percents of the mean range. The
degree of straggling will affect the sharpness of the range curve.
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Figure 2.10: Specific energy loss as a function of energy for some positive ions [176].

Energy loss in thin absorbers: Most detectors have a thin layer of absorbing material
that gets penetrated by the charged particle being detected. The energy deposited in the absorbing
layer can be calculated as follows:
δE = [−

dE
]avg × t
dx

(2.21)

where t is the absorber thickness and (− dE
dx )avg is the linear stopping power for the average energy
of the particle inside the detector. Values for linear stopping power for differently charged particles
for various media can be found in [178, 179, 180, 181, 182]. For low energies, particle ranges can be
shorter than the absorber thickness, but as the particle energy increases, more particles pass through
the medium without depositing any energy. The average energy deposited in a given thin medium
will be given by the product of the thickness of the detector and the average linear stopping power.
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Figure 2.11: Energy distribution of initially mono-energetic charged particles at various penetration
depths

Figure 2.12: Specific energy loss of α-particles through thin absorbing medium [158]
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Experimental data available for energy and range characteristics is not exhaustive. As a
result, for complex mixture absorbers, the data is generated by the Bethe formula of equation 2.19
assuming that the stopping power is additive in nature in regardsto the different compounds. This
is known as the Bragg-Kleeman rule.




X
1 dE
1 dE
=
Wi
Nc dx c
Ni dx i
i

(2.22)

Here Nc is the atomic density of compound, Ni is the atomic density of the ith component
dE
of the compound, [ dE
dx ]c is the linear stopping power, [ dx ]i is the same for the ith component, and

Wi is the weight fraction.

2.5.2

Interaction of Fast Electrons
Fast electrons, compared to heavy charged particles, lose energy at a much slower rate and

go through a more complex path through the absorbing media. Large deviations of their path from
the straight line are due to interaction with electrons of the medium, which have a similar mass. A
large fraction of their total energy can be transferred in a single encounter. Interactions with the
nuclei are also possible resulting in additional energy exchange.
2.5.2.1

Specific Energy Loss
Bethe gave the following relation for fast electrons to describe the specific energy loss by

ionization and excitation:


dE
−
dx


c



p
p
2πe4 N Z
m0 v 2 E
1
2
2
2
2
2
=
ln 2
− (ln2)(2 1 − β − 1 + β ) + (1 − β ) + (1 − 1 − β )
m0 v 2
2I (1 − β)
8
(2.23)

where the symbols have the same meaning as in Bethe equation for α-particles and β ≡ v/c. Besides
Coulomb interactions, electrons can also lose energy via radiative processes like bremsstrahlung or
electromagnetic radiation which can be emitted from different positions in its wake. The linear
radiative energy loss via radiative processes is be given by:


dE
dx


r



N EZ(Z + 1)e4
2E
4
=
4ln
−
137m20 c4
m0 c2
3
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(2.24)

From the above expression, it is clear that radiative losses are more important for high Z elements
and for higher energy incident electrons. The total linear stopping power for an electron is the sum
of contributions from collisional and radiative losses.

 

dE
dE
dE
=
+
dx
dx c
dx r

(2.25)

The ratio of the two terms is approximately equal to EZ/700 where E is in M eV . For the customary
β-particles, the energies are in the low-M eV range and radiative losses contribute to a only a small
fraction of total energy loss, but can become significant for higher atomic number media.
2.5.2.2

Electron Range and Transmission Curves

Figure 2.13: Transmission curve for monoenergetic electrons [158].

Electrons that penetrate the absorber and come out of the other side are the ones whose
initial direction has changed the least number of times as they traveled through the absorber. For
this reason, electron range is also not well-defined and is usually taken by extrapolating the linear
portion of the curve as shown in the figure above. Specific energy loss for electrons is much smaller
than those of heavy charged particles which makes their path in absorbers much greater than those
of the heavy charged particles.
2.5.2.3

Absorption of Beta Particles
For β-particles emitted from radioactive sources, the transmission curves look different from

the one shown in the figure above. These low energy β-particles are readily absorbed by absorbing
media of small thickness, so the slope of the attenuation curve is much sharper and looks almost
exponential. An absorption coefficient n may be defined by
I
= e−nt
I0
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(2.26)

Figure 2.14: Range of β-particles for different energies in Si [183, 158]

Where I0 is the counting rate without an absorber, I is counting rate with an absorber present and
t is the absorber thickness given in g/cm2.
2.5.2.4

Backscattering
Backscattering is the large angle deflection of electrons in their paths. Due to this, an

incident electron may emerge out of the detector and affect the efficiency of the detector. Backscattering is most prominent in electrons with low energy interacting with absorbers with high atomic
numbers. This can also influence the yield from any radioactive isotope emitting β-particles or
conversion electrons.

Figure 2.15: Fraction η of normally incident electrons that are backscattered as a function of energy
[184, 158]
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2.5.2.5

Positron Interactions
Most interactions discussed above for β-particles are due to Coulomb forces and are applica-

ble for positrons as well. Since they have the same mass as electrons, most energy transfer cases are
valid and similar for the positrons including tracks, specific energy loss, and range in an absorber.
The only exception being the annihilation reaction discussed in the previous section. The resulting
photon from an annihilation reaction has an energy of 0.511M eV and as such can carry energy far
away from the location of the reaction.

2.5.3

Interaction of Gamma-rays
There can be many possible routes of interaction between gamma photons and matter, but

the three predominant ones for radiation measurement are the photoelectric-effect, the Comptonscattering, and the pair production. In these three processes, partial or full energy transfer occurs
between the gamma photon and the electrons in the absorbing medium. Unlike the charged particles,
if it takes place the interaction of gamma-photons is instantaneous with the possibility of the photon
being scattered at large angles or get completely absorbed.
2.5.3.1

Interaction Mechanisms:
Photoelectric effect: Photoelectric effect was first observed in the later part of the 19th

century when a zinc plate inside an electroscope was exposed to ultraviolet radiation. In 1905,
Albert Einstein hypothesized that light carries energy in discrete energy packets photons to explain
the experimental results. This laid the foundation of quantum mechanics and for the explanation
of photoelectric-effect he later received the Nobel prize in 1921 [185]. In the photoelectric-effect,
a photon having sufficient energy can interact with a bound electron in a way that it transfers all
of its energy to the electron. The electron, now having enough energy, is able to leave its binding
potential. In this process, the photon interacts with the atom as a whole and it is not possible
between a photon and a free electron due to momentum conservation considerations. Photons with
enough energy are able to remove the innermost electrons, which are tightly bound to the atom.
The kinetic energy of a photoelectron is given by

Ee− = hν − Eb
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(2.27)

where Eb is the binding energy of the electron, h is Plancks constant and ν is the frequency of

Figure 2.16: Illustration of the photoelectric effect

the incident photon. For gamma-photons of energy more than a few keV , most of the energy is
converted into the kinetic energy of the photoelectron. In this process, the absorber atom is left
ionized, which is quickly quenched by electron capture from the medium or internal rearrangement of
electrons which results in characteristic X-ray photons. These X-ray photons are reabsorbed within
the material through the photoelectric effect or the emission of Auger electrons.
The photoelectric-effect is the primary mode of interaction of soft X-rays with relatively
low energies with matter and it is enhanced for absorbers of high atomic number. Fig. 2.17 shows
the photoelectric absorption cross-section of sodium-iodide, a popular material used in gamma-ray
detectors. The discontinuities appear at energies that correspond to the binding energies of the
electrons in the absorbent atoms.
Compton-scattering: Compton-scattering is the most dominant interaction for gamma
photons from radioisotope sources. In this case, the incoming gamma photon is scattered by a bound
electron from the absorbing medium. The gamma photon transfers part of its energy to the initially
at rest recoil electron. The scattered gamma photon will have less energy and changed momentum
due to the energy and momentum transfer. The amount of energy transferred in this interaction
can be a large portion of the initial energy of the gamma photon. The energy transferred in this
interaction and the scattering angle can be derived from the conservation of energy and momentum
and can be written as
hν 0 =

hν
1+

hν
m0 c2 (1
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− cosθ)

(2.28)

Figure 2.17: Absorption edges in N aI [174]

Where m0 c2 is the energy corresponding to the rest mass of the electron ( 0.511M eV ). The angle
of scattering dictates the amount of energy transferred with a small amount of energy transferred
for small scattering angles. However, the incident photon always retains some energy even when it
is scattered by a large angle (θ = π). The probability of a gamma photon to interact via Comptonscattering with each atom depends on the number of electrons present and thus increases as the
atomic number increases. The dependence on the incident energy of the gamma photon can be
seen in Fig. 2.19 The angular distribution of scattered photons will be given by the Klein-Nishina
formula [158],

2 


1
1 + cos2 θ
α2 (1 − cosθ)2
dρ
= Zr02
1+
dΩ
1 + α(1 − cosθ)
2
(1 + cos2 θ)[1 + α(1 − cosθ)]

(2.29)

and is illustrated in Fig. 2.19.
Pair production: For pair production to be possible energetically, the incident gamma
photon must have an energy that is more than twice energy that corresponds to the rest-mass

37

Figure 2.18: Illustration of the Compton-scattering

of the electron, i.e., more than 1.02M eV . As a result, this interaction is dominant only for high
energy gamma-ray photon.. A pair-production event must take place in the proximity of the nucleus
for energy and momentum conservation considerations. Once created, the positron gets quickly
absorbed in the medium and two annihilation photons are produced as the secondary products of
this interaction. The probability of pair-production varies approximately as the square of the atomic
number of the absorber. [174].
The probability of each of the above interaction taking place when a gamma-ray photon
enters an absorbing media will depend on the energy of the gamma-ray photon and the atomic
number of the absorbing media. The probability of each of these interactions occurring as a function
of the energy f the incoming photon is shown in Fig. 2.20.
2.5.3.2

Gamma-ray Attenuation
Attenuation coefficient: Attenuation of gamma-ray photons in absorbing media is ex-

ponential in nature as shown in Fig. 2.21. In each interaction, the gamma-ray photon is either
scattered or absorbed. The linear attenuation coefficient is the sum of probability per unit path
length for each interaction to occur.

µ = τ (photoelectric) + σ(Compton) + κ(pair − production)
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(2.30)

Figure 2.19: Dependence of Klein-Nishina cross-section on scatter angle for primary radiation of
10keV , 100keV and 1000 keV [186].

The number of photons that are transmitted through the medium is given by
I
= e−µt
I0

(2.31)

where t is the thickness of the medium. The reciprocal of µ gives the mean free path, λ, which is
defined as the average distance that the photon travels in the medium before an interaction. For
usual gamma energies, this can vary from a few millimeters to tens of centimeters, depending on
the properties of the absorbing medium. It is to be noted that the linear attenuation coefficient, µ,
will vary from case to case as it depends on the density of the object in question. Hence, the mass
attenuation coefficient is more prevalent and widely adopted. For given energy incident photons,
the mass attenuation coefficient remains constant irrespective of the physical state of the absorber.

massattenuationcoef f icient =

µ
ρ

(2.32)

where ρ is the density of the medium.
Absorber mass thickness: In light of the mass attenuation coefficient discussed above,
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Figure 2.20: The probability of occurrence of different gamma-ray interactions with matter as the
function of the energy of the photon [187].

the gamma-ray attenuation through any absorber can now be written as:
µ
I
= e− ρ ρt
I0

(2.33)

Where ρt is called the mass thickness of the absorber and determines the degree of attenuation
through the medium. This quantity is kept in mind while choosing materials for radiation protection
and shielding. Range and stopping power, when expressed in terms of ρt, are approximately the
same for absorbing material having similar Zs.
Buildup: Buildup is related to the total detector response in relation to the photons that
are not collided. The detector is incapable of distinguishing photons with a direct path from the ones
that followed an indirect path, and there might be a possibility that the detector is overcounting
and thus the clean exponential attenuation will not be valid. In such broad beam conditions, the
attenuation equation is replaced by the following:
I
= B(t,Ey ) e−µt
I0

(2.34)

Where B(t,Ey ) is called the buildup factor to account for the scattered photons. The value of the
buildup factor will depend on the type of detector used and the specific geometry of the experiment.
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Figure 2.21: Gamma-ray attenuation in matter

2.5.4

Interaction of Neutrons

2.5.4.1

Properties of Neutrons
Neutrons are neutral and do not interact with atoms in the absorbing material with electric

forces, which is the prevalent mode of interaction for charged particles. They often travel deep into
the material without any interaction as the only possible way for them to react is with the nucleus of
the atoms in the absorbing material. Therefore, the two possible modes of interaction for a neutron
are:
• Being captured by the nucleus resulting in the emission of secondary particles or,
• Being scattered inside the absorbing medium.
In the case of neutrons, the secondary particles generated are mostly heavy charged particles.
Most neutron detectors detect the heavy charged particles and use some conversion to account for
the neutrons that might have created them. The probability of different neutron reactions varies
greatly with neutron energy. Neutrons are classified as slow and fast neutrons on the basis of their
energy — neutrons having energy less than 0.5 eV are classified as slow neutrons and the ones having
higher energy are classified as fast neutrons.
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2.5.4.2

Interaction of Slow Neutrons
Slow neutrons mostly interact via elastic scattering and neutron-induced nuclear reactions

with the nuclei of the absorbing medium. Since the neutrons have low energy, very little energy
is transferred to the nucleus in a collision and this mostly serves to slow down the neutron to
thermal equilibrium levels ( 0.025eV ) before another reaction can take place. The most important
interactions involving slow neutrons are the neutron-induced reactions which produce secondary
particles as these particles can be directly detected. A radiative capture reaction [(n, γ) reaction]
is the most plausible reaction as the energy of the neutrons is so low. Since the products of this
reaction are γ-photons, which are equally difficult to detect, this type of reaction is not preferred.
A reaction like (n, α), (n, p) and (n, f ission) is preferred as the secondary particles produced are
charged particles and are easier to detect.
2.5.4.3

Interaction of Fast Neutrons
Fast neutrons have higher kinetic energy and are able to transfer enough energy while

scattering with the nuclei in the medium. The nucleus now recoils away with some kinetic energy.
In this way, the neutrons are moderated to lower energies. Hydrogen is preferred to be used as a
moderator as, due to their similar sizes, a neutron can transfer its energy completely in a single
interaction. For neutrons having enough energy, inelastic collisions may also happen where they
transfer enough energy to raise the nucleus to an excited state. The nucleus then de-excites by
emitting gamma-ray photons. The neutron is also able to lose more energy per interaction in this
way.
2.5.4.4

Neutron Cross-section
Probability per unit path length is constant for any interaction mechanism if the neutrons

have fixed energy. It is defined as cross section ρ per nucleus for each type of interaction. It is
traditionally measured in barns (10−28 m2 ). A few reactions and their cross section dependence on
neutron energy are shown in Fig. 2.22. The macroscopic cross-section is given by multiplying the
cross section with the number of nuclei per unit volume. This now describes the probability per unit
path length for a specific reaction to happen. For total probability, we combine the cross sections
of individual processes.
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Figure 2.22: Reaction cross section versus neutron energy [188].

Σ = Nσ

(2.35)

Σtot = Σscatter + Σradiative capture + . . .

(2.36)

Σtot is the probability per unit path length for any interaction to occur. This is similar to the
linear absorption coefficient for gamma-ray photons. Thus, the number of neutrons attenuated
while traveling through an absorber on thickness t will be given by:
I
= e−Σtot
I0

(2.37)

Analogous to the gamma-ray photons, the mean free path, λ, is given by 1/Σtot . For slow neutrons,
λ at most can be a centimeter whereas, for fast neutrons, it is usually tens of centimeters.
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Chapter 3

Radiation Exposure and Dose
Since the discovery of X-rays and radiation, they have been used in several areas, from
medical to commercial. With more use, it became clear that there was a need to understand and
study the effect of ionizing radiation. Initially, there were attempts to measure on the basis of
chemical and biological effects produced by radiation [189]. Skin erythema dose (SED) [190], was
used in radiotherapy and was defined as the amount of X- or γ-radiation that would cause the
reddening of the skin. The drawbacks of using this unit were that it depended on many factors like
the type of skin, the quality of radiation, dose fractions, etc., which could not be standardized. Hence,
the International Commission on Radiation Units and Measurements [191] (ICRU) was formed in
1928 with the primary objective to propose a unit of measurement of radiation as applied to medicine.
They adopted the roentgen as the unit to measure X- and γ-radiation exposure.

3.1

The Roentgen
The quantity exposure is a measure of ionization produced in air by photons[189]. As per

definition set by the ICRU [192], exposure (X) is the ratio of dQ to dm; where dQ is the absolute
value of total charge of the ions of one sign produced in air when all the electrons (negatrons and
positrons) liberated by photons in air of mass dm are completely stopped in air.

X=

dQ
dm
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(3.1)

The SI unit of exposure is coulomb per kilogram (C/kg). The historical unit, roentgen (R) is also
used with a conversion of
1R = 2.58 × 10−4 C/kg of air

(3.2)

Figure 3.1: Measurement of exposure [189].

An illustration of the principle behind the device used to measure exposure is shown in Fig.
3.1. Ionizing radiation passing through air create electrons through the Compton effect, photoelectric
effect, or pair production. The electric field across the collection plates separate the charges and the
measured current is proportional to the exposure. Electrons produced within the region of interest
may move out of the region while still retaining some of their energy. An electron created outside the
region of interest may also move into the region. In a properly designed device electron equilibrium
guarantees that losses and gains cancel and the measurement properly provides the above defined
exposure values. This principle is fulfilled in free-air ionization chambers described in detail below.
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3.2

Free Air Ionization Chamber
Ionization chambers are usually used to measure exposure from ionizing radiations. They

are very sensitive and bulky and are usually used to transfer primary standard exposure rates for
calibrating devices that are used in the field. During their use the source of ionizing radiation is
placed at the location S in front of the instrument so that diaphragm D precisely define the amount
of radiation entering the chamber. As radiation passes through the device electron equilibrium is
created as shown in Fig. 3.2. The plates are maintained at a high potential difference, usually of
the order of 100V /cm, to collect electrons and ions that are produced due to the passage of ionizing
radiation. The volume of air is precisely defined inside the C collector plates. Guard rings G ensure
that the electric lines of force are straight in the region of interest.

Figure 3.2: A schematic diagram of a free-air ionization chamber [189].

If ρ is the precisely measured density of air and ∆Q is the charge collected, then the measured
exposure will be given by
Xp =

∆Q
1
.
R
ρ.Ap .L 2.58 × 10−4

(3.3)

Ap is the cross-sectional area of the beam, and L is the length of the collecting plate. For accurate measurements using this ionization chamber, the following corrections need to be taken into
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consideration:
1. air attenuation
2. recombination of ions
3. effects of the environment like temperature, pressure, humidity on the density of air
4. ionization produced due to the scattering of photons.
For higher energies photons, the range of secondary charged particles produced in air increases and a larger distance is required between the plates. On increasing the separation, the
uniformity of the electric field may be difficult to maintain. Also, with larger distances the recombination of ions before they reach the collector plate need to be considered as an additional correction
factor. Nevertheless, these devices are extremely accurate and provide the primary transfer calibration standards for more accessible field use instruments.

3.3

Thimble Chambers
Due to the difficulties to use free air ionization chambers in clinical settings these chambers

are rarely used in the field. Specially designed detectors with sealed air cavity inside them are used
for field measurement instead. These devices consist of a volume of air that is sealed inside a metal
shell. The shell thickness is chosen such that it is equal to the maximum range of electrons in air and
an electrode is introduced into the cavity to measure the ionization charge produced. As the shell
thickness is equivalent to the range of electrons in air, electron equilibrium inside the cavity exists in
the measurement volume. As the volume of air inside the cavity is well defined, one can calculate the
exposure by measuring the amount of charge collected within the chamber. An illustration of the
thimble chamber is shown in Fig. 3.3. There are several factors that can affect the measurement of
exposure using this device and for more details and information regarding other types of detectors,
a standard textbook, like the Physics of Radiation Therapy by Faiz Khan is referred to [189].
As mentioned above, exposure is the measure of ionization produced in air by X-rays and γrays and cannot be used for photon energies above 3M eV . Also, as different materials exposed to the
same amount of X-ray or γ-ray radiation, different amounts of energy will be absorbed. As discussed
earlier energy transfer increases with the atomic number in absorbing media and the occurrence of
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Figure 3.3: The basic principle behind a thimble chamber [189].

various physical and chemical reactions also changes with the amount of energy absorbed per unit
mass of the material. Thus, it is important to extend the notion of exposure to different materials
and use the the energy absorbed per unit mass to characterize the absorbed radiation. This quantity
is known as the absorbed dose.

3.4

Absorbed Dose
Absorbed dose, sometimes also referred to as dose, is defined as the ratio d∈/dm, where d∈

is the mean energy imparted by ionizing radiation to piece of material of mass dm [193]. Historically,
rad (radiation absorbed dose) was used as the unit of the absorbed dose, but today the SI unit is
Gray (Gy).
1 rad = 100 ergs/g = 10−2 J/kg = 1 cGy

3.4.1

(3.4)

Kerma
Kerma is related to the absorbed dose, but it measures the kinetic energy of secondary

charged particles deposited in a volume. K or k inetic energy r eleased in the medium is defined as
the ratio of dEtr /dm, where dEtr is the sum of initial kinetic energies of all charged ionizing particles
liberated by photons in the material of mass dm [193].

K=

dEtr
dm
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(3.5)

It is measured in J/kg and the SI unit is also gray (Gy). For a photon beam, Kerma at any points
on its path is proportional to its energy fluence Ψ and is related as follows

K=Ψ

Here

µtr
ρ

µtr
ρ


(3.6)

is the mass-energy transfer coefficient of the medium for given energy photons. It is related

to the average mass-energy absorption coefficient as


µen
ρ




=



µtr
ρ

(1 − g)

(3.7)

where g is the average energy of electron lost in the radiative process. With this Kerma can be
written as

K=Ψ



µen
ρ

/(1 − g)

(3.8)

For lighter element absorbers, most energy of the radiation is used for ionizing the medium
(inelastic collisions), but a small part also translates to radiative collision (bremsstrahlung) processes.
Thus, Kerma can have two contributing factors:

K = Kcol + Krad

(3.9)

Kcol and Krad are the collisional and radiative parts respectively, and the two components of Kerma
can be written as

Kcol = Ψ

µen
ρ


(3.10)

and

Krad = Ψ
3.4.1.1

µen
ρ

 

g
·
1−g

(3.11)

Relation with Exposure
Exposure, as defined earlier, is similar to collisional kerma but for ionization in air. It can

be calculated by using the ionization charge produced per unit of energy transferred by photons. For
dry air, the mean energy required to create an ion pair is W = 33.97eV /ion pair [194]. Thus,

W
e

is

the average energy required for a unit charge of ionization to be produced, where e is the elementary
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charge. Therefore, exposure X, therefore can be obtained as

X = (Kcol )air ·

e
W


(3.12)

or,

X = Ψair
3.4.1.2

µen
ρ




air

·

e
W


(3.13)
air

Relation with Absorbed Dose
It is interesting to note the difference between absorbed dose and collisional kerma. Col-

lisional kerma is maximum at the surface, as energy starts to get transferred to the atoms of the
medium. As the photon progresses into the medium, it loses energy and thus, the value of collisional
kerma also decreases. Absorbed dose, on the other hand, builds up initially and then starts to fall
at the same rate as kerma. An illustration is shown in Fig. 3.4. As the photon enters the medium
it starts to ionize it and this is reflected in the buildup region for the absorbed dose. At a region
further into the medium, the photon has transferred most of its energy and now the absorbed dose is
larger than the collisional kerma as his is the region of electron production. As we progress further
into the medium, collisional kerma drops as there is no more source to create more ionization in the
medium. Thus, the absorbed dose also falls at the same rate as the collisional kerma.
A more detailed analysis of absorbed dose and different methods for calculating them can
be found in the literature [189, 195, 196, 197].

3.5

Radiation Protection and Shielding
Ionizing radiation can potentially cause serious damage to biological cells and tissues. Once

these hazards were realized, exposure limits and radiation protection standards started to be introduced. National and international organizations such as the International Commission on Radiation
Protection (ICRU) [191], The Nuclear Regulatory Commission(NRC) [198] and the National Council
on Radiation Protection (NCRP) [199] function as standard defining and regulatory bodies.
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Figure 3.4: Relation between absorbed dose D and collisional kerma Kcol [189]

3.5.1

Dose Equivalent
In the case of biological cells and living tissues, damage due to exposure to ionizing radiation

is due to the chemical changes that are triggered. The absorption of the same energy per unit area
from different sources of ionizing radiation can have very different effects. The severity of these
changes is proportional to the local rate of energy deposition along the particles track [158]. We have
seen that heavy charged particles have a higher rate of energy deposition compared to electrons and
thus must cause more biological damage than electrons. Thus, while designing radiation protection
equipment, a quantity called the dose equivalent (H) needs to be used.

H =D·Q

(3.14)

Where D is the absorbed dose and Q is the quality factor of the type of radiation. The SI unit is
still J/kg, but the dose equivalent is measured in sieverts (Sv).
1 Sv = 1 J/kg = 10−2 rem
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(3.15)

Table 3.1: Quality factors for particles of different energies
Radiation
Quality
X-rays
γ-rays
electrons
Neutrons < 10 keV
10-100 keV
100 -2 MeV
2 - 20 MeV
>20
Protons > 2 MeV
α-particles, fission fragments, heavi nucleii

1
1
1
5
10
20
10
5
2
20

Quality factors are multiplicative constants chosen such that they represent the linear energy transfer
(LET) component of the ionizing radiation. A list of some quality factors is shown in Table 3.1.
When performing a treatment, not all organs or tissues receive the same amount of exposure
as their density, constituent components, and location with respect to the source may be different.
Each tissue or organ may also have different sensitivities to various radiation-induced effects. To
account for all of these factors, a term called the effective dose equivalent has been introduced. It is
defined as the sum of the weighted dose equivalents for irradiated tissues or organs [200].

HE =

X

WT HT

(3.16)

Here WT is a weighting factor for tissue T and HT is the average dose equivalent in tissue
T . The weighting factors for different tissues, WT , represent the statistical risk of the tissue when
the body is exposed to uniform radiation. The weighting factor for a few organs and tissues are
listed in Table 3.2 and a full list can be found from the National Council on Radiation Protection
and Measurements Report Number 116 [200].
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Table 3.2: Some values of weighting factors
Tissue(T) WT
Skin
Breast
Liver
Thyroid
Lung
Stomach
Total

3.6

0.01
0.05
0.05
0.05
0.12
0.12
1

Background Radiation
The International Atomic Energy Agency (IAEA) [201] defines background radiation as the

dose or dose rate that is attributable to all sources other than the ones specified [202]. This dose
rate exists in nature at a particular location before the measuring device or source is brought there.
Background radiation can have the following sources:
1. terrestrial radiation, like natural radioactive ores, or accidents like the Fukushima-Daichi incident, or radiation from weapon testing
2. cosmic radiation
3. radiation from ingested radioactive elements

3.6.1

Sources of Background Radiation
Terrestrial sources: Terrestrial sources of radiation can vary over the geographic region.

This includes sources of radiation that are outside the human body. The most common radionuclides
that contribute to this background are potassium, uranium, thorium and their decay products like

Table 3.3: Exposure from natural background radiation[203, 204]
Radiation Source

Average Annual Exposure in mSv at
World

Airbourne/Inhaling
Ingestion
Terrestrial
Cosmic

1.26
0.29
0.48
0.39
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US
2.28
0.28
0.21
0.33

radium and radon. In its natural state radon exists as a gas and can be easily inhaled. In the
US, radon is the second most frequent cause of lung cancer [205, 206]. Most of the elements, like
potassium and uranium, have a long half-life and their concentrations are gradually decreasing. But
others like radium and radon with shorter half-lives have not decayed away yet as they are being
continually produced in nature. Almost all of them decay via processes that have daughter particles
in the keV-MeV range. The global average annual exposure from inhaling radon is 1.26mSv [203]
and in the US, the annual average is 2.28mSv [204].
It has been observed that natural background radiation varies geographically. There are
reports of some areas having much higher background radiation than the global average [207, 208].
Ramsar, in Iran, has a mean dose of 10.2 mGy/yr with a maximum of 260 mGy/yr [136]. In
Guarapari in Brazil, the mean radiation level is 5.5 mGy/yr with a maximum of 35 mGy/yr [208].
Karunagapalli in India and Yangjian in China come in at the end of this list with mean annual doses
of 3.8mGy/yr and 3.5 mGy/yr, with maximum doses of 35 mGy/yr and 5.4 mGy/yr respectively
[135, 209]. In comparison, the global average for annual dose from natural background radiation is
0.5 mGy/yr [208]. The high values in Iran are due to the use of radioactive limestone in building
materials, that occurs naturally in the region. People there also receive additional dose from inhaling
radon [130]. For the cities in India [135] and Brazil [210, 211] the high background radiations are
due to the abundance of a phosphate mineral called Monazite in these regions [212].
Cosmic-rays: We are constantly being bombarded with extraterrestrial ionizing radiation.
These mainly consist of positively charged particles and heavy nuclei mostly coming from the solar wind. When these particles interact with the atmosphere, they create a shower of secondary
particles and radiations that include X-rays, protons, alpha-particles, muons, pions, neutrons, and
electrons. Exposure from these particles depends on the elevation and change with the proximity
to the ionosphere. As an example, at the altitude of 30, 000 feet, which is the altitude that regular
passenger aircraft maintains, the exposure is 5 µSv/h [213, 214, 215, 216, 217, 218]. Also, in the city
of Denver, CO, which is at an elevation of 1650 meters above sea level, the exposure from cosmic
dose is almost double of that at the sea level [219]. Cosmic radiation becomes a greater concern
during the various space missions and experiments that the astronauts perform on a regular basis.
A detailed report can be found on the amount of exposure received by astronauts during several
space missions [137].
Ingested sources: We receive internal exposure from radioactive elements which we take
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Table 3.4: Some naturally occurring radioisotopes and their half-lives
Radioactive Isotope
Half-life
40

1.25 × 109 years
5730 years
162.7 days
22.3 years
138 days
1600 years
5.75 years

K
C
45
Ca
210
Pb
210
Po
226
Ra
228
Ra
14

into our bodies through food and water, and through the air we breathe. In addition, we naturally
have radioactive elements (potassium-40, carbon-14, radium-226) in our blood or bones [220]. We
ingest or inhale these elements in our day to day life and there are many different radioactive
substances in our body at any time. A list of such radioactive nuclei and their half-lives is provided
in Table [221, 222, 223].
During and after World War II several nuclear bombs were tested and detonated [224, 225,
131], which resulted in radioactive contamination of the environment. In 1963, several nations
got together to sign the Partial Test Ban Treaty (PTBT) [226, 227] that prohibits the test of
nuclear weapons except for those conducted underground. Since then 123 countries have signed
the agreement [227]. Due to these testing, the background radiation levels had peaked during
1963 to approximately 0.15 mSv/yr, but since the ban, the worldwide levels have gone down to
0.005 mSv/yr by the year 2000 [228]. Nuclear accidents also contribute to background radiation.
Although, they are very rare there were two major notable incidents that had global effects: the
Chernobyl accident and the Fukushima Daiichi nuclear disaster. It is estimated that, due to the
Chernobyl accident, ionizing radiation levels were as high as 5.6 roentgen/sec near the incident site.
This resulted in over 20, 000 roentgens per hour or 200Gy/hr [229] radiation levels, compared to the
defined lethal dose of 5Gy over 5 hours. In the Fukushima Daiichi incident, it was estimated that
8.4kg of caesium-137 has entered the ocean [230, 231], and due to strong currents in the region has
been spread throughout the Pacific region [232, 233, 234].
From Diagnostic procedures: Medical imaging is one of the leading sources of increased
background radiation with the global average being 0.6mSv/annum. This varies from country to
country, being as high as 3mSv in the USA [235]. With almost 70 million scans done annually in
the US, this is the leading source of ionizing radiation for the general public [236] with an adult
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Table 3.5: Effective dose from Medical Procedures[239]
Region

Procedure

Approximate Effective
Dose

Comparable to Natural
Background radiation for

10 mSv
6 mSv
8 mSv

3 years
2 years
3 years

1.5 mSv
0.001 mSv

6 months
3 hours

CT - Head
CT - Spine

1.5 mSv
6 mSv

6 months
2 years

CT - Chest
CT - Lung screening
X-ray of Chest
Mammography

7 mSv
1.5 mSv
0.1 mSv
0.4 mSv

2 years
6 months
10 days
7 weeks

PET-CT

25 mSv

8 years

Abdomen
CT - Abdomen + Pelvis
CT-Colonography
Barium Enema
Bone
X-ray of Spine
Xray of hand/foot
Head

Chest

Medicine

receiving an effective dose of 20 µSv from a chest X-ray [237] and 5 − 10 µSv from a dental X-ray
[238]. Table 3.5 lists some of the medical imaging procedures and the approximate effective dose
received by an adult during that procedure [239].

3.6.2

Effect of Low-level Radiation
The biological effects of radiation have been extensively studied and one can find a number

of works in literature [240, 241, 242, 243, 244]. For example, we know that when the whole body or a
large part of it is exposed to a high dose (on the order of 0.3 − 0.7 Gy) of external radiation in a very
short amount of time it may lead to Acute Radiation Syndrome (ARS). It is also known as radiation
toxicity or radiation sickness. It results in the destruction of the bone marrow, the gastrointestinal
tract, or the cardiovascular and the central nervous system [245]. While the effect of large doses of
radiation is clear, as they produce prominent effects, the effects of low-dose radiation, usually less
than 100 mGy, is difficult to ascertain. This difficulty stems from the fact that this low dose is very
close to the natural background radiation levels and it is difficult to resolve the small consequences
from naturally occurring effects. The frequency with which these effects take place is very low thus
making it difficult to study. It has been seen that exposure from low-dose radiation may produce
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1. radiation-induced gene mutation [246, 247, 248],
2. neoplastic diseases like radiation-induced leukemia, thyroid tumors and lesions of skin [249,
250, 251],
3. affect the growth of fetus and young children [252, 253, 254, 255],
4. premature aging [256, 257, 258],
5. cataracts.
The adverse effects of low-dose radiation may be characterized as stochastic and nonstochastic effects according to the NCPR [199]. For the stochastic processes, the amount of absorbed dose does not correlate to the severity of the condition. Development of cancer or genetic
effects falls under this category. For non-stochastic processes, the effect increases in severity with
the increase in absorbed dose, like cases of organ atrophy, fibrosis, lens opacification, decrease in
sperm count, and blood changes. For the stochastic category, it is not possible to define a threshold
dose as these do not depend on the amount of exposure. On the other hand, we can set a threshold
limit for the non-stochastic effects so that serious health impairing is preventable. However, to err
on the safer side, it is assumed that the dose-risk relationship is linear and that there is no minimum
threshold. That is, exposure to any amount of radiation is dangerous. Thus, at workplaces which
involve radiation, the exposure is kept As Low As Reasonably Achievable (ALARA).
The origin of linear no-threshold model: Historically, the harmful effects of radiation
were discovered soon after the discovery of X-rays and radioactivity. It was known that exposure
to X-rays and radiation causes cancer [259, 260] and genetic mutation [261]. Most of these early
experiments used high doses of radiation and, thus, it was concluded that there was no threshold
level of dose, exposure below which could be deemed safe [262]. As it is difficult to perform conclusive
experiments on the effects of low-dose radiation, there were some studies that suggested that there
may be benefits of Low-dose radiation [263]. The interest in the effect of radiation on biological
cells became more intense after the atomic bombs were dropped on Hiroshima and Nagasaki in 1945
[264]. While there could have been other sources of carcinogenic material that could have affected the
survivors of the atomic bomb, they were ignored in this study. Concept of the maximum permissible
dose was introduced by the NCRP in 1954 and in 1958, UNSCEAR presented the linear no-threshold
model to UN [265, 134]. It was noted that there was no data to support the low-dose data points
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Table 3.6: Recommendations of the National Council of Radiation Protection and Measurements
Report no. 116[200]
Exposure Type

Acceptable Dose

A. Occupational Exposure
1. Effective dose limits
a) Annual
b) Cumulative
2. Equivalent dose annual limits for tissues and Organs
a) Eye Lens
b) Skin, hands, feet
B.Public Exposures (annual)
1. Effective dose limit, continuous, or frequent exposures
2. Effective dose limit, infrequent exposures
3. Equivalent dose limits for tissues and organs
a) Eye Lens
b) Skin, hand, and feet
4. Remedial action for natural sources
a) Effective dose (excluding radon)
b) Exposure to radon decay products

50 mSv
10 mSv × age
150 mSv
500 mSv

1 mSv
5 mSv
15 mSv
50 mSv
> 5 mSv
> 7 × 10−3 Jh/m3

C. Education and training exposures(annual)
1. Effective dose limit
2. Equivalent dose limit for tissues and organs
a) Eye lens
b) Skin, hand, and feet
D. Embryo-fetus exposures (monthly)
1. Equivalent dose limit

0.5 mSv

E. Negligible individual dose (annual)

0.01 mSv
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1 mSv
15 mSv
50 mSv

[266]. Nevertheless, the concept of ALARA, was introduced to maintain safe working conditions and
was quickly adopted globally [259] within a decade. Even though no evidence was found to support
damaging effects from low-dose radiation, the linear no-threshold (LNT) model was accepted by the
National Academy of Science in 1972 on practical safety grounds [266].
The scientific community is actively debating on the effects of low-dose radiation on humans
and mammals. There have been a lot of studies which suggest that the LNT model does not hold at
lower doses [267, 268, 269, 270, 271]. Recent studies among populations that are exposed to higher
levels of background radiation showed lower instances of Cancer in this population compared to
groups that received less background radiation [272, 273, 274, 275, 276]. Studies on the population
that was exposed to the fallout following the incident at Chernobyl suggest that a simple model like
the LNT cannot explain its results, especially the effect of radiation on the neurological damage to
the fetuses [133, 277, 278, 132, 279]. There were also studies which suggested a linear relationship
between dose and risk [280, 281] and others which suggest a non-linear relationship [282]. There are
also some studies which support the threshold model [283] which was later disproved [284]. There
are also reports of non-cancerous effects of low-dose background radiation [285, 286]. A number
of organizations have moved away from the LNT model. In 2005, the Académie des Sciences and
Académie Nationale de Médecine of France rejected the LNT model [287, 288]. The Health Physics
Society has also revised its statement [289]. The American nuclear Society now states that more
research is required on the LNT and before any adjustments can be made to radiation protection
guidelines [290]. Despite the above research, the regulatory agencies are not ready to renounce
the LNT model as they feel that there is not enough data to clearly determine the effects of lowdose ionizing radiation on human cells. Population studies are difficult as a lot of people must be
involved to conduct a better study and there are several factors that may influence the outcome
of the experiment. The benefits from low-dose ionizing radiation should also exceed the potential
detrimental effects [266, 291, 292] to reject the LNT model. Thus there is a need for controlled
experiments to study the effects of low-dose ionizing radiation to once and for all clear the air on
this issue.
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Chapter 4

New Operating Modes for the RGS
Stereotactic Radiosurgery (SRS) is being used for the treatment of intracranial and extracranial benign and malignant tumors, vascular malformations and functional disorders of the
brain that operates by focusing high-intensity ionizing radiation on a very small area [293]. It is
a non-invasive procedure which uses focused narrow beams of highly intense radiation to destroy
intracranial tissues or lesions that are either unsuitable or inaccessible for open surgery [294]. The
term radiosurgery was coined by the Swedish neurosurgeon Lars Leksell, who had pioneered stereotaxy — a method for locating points within the brain using an external, three-dimensional frame of
reference [295, 296]. The use of ionizing radiation was considered for this purpose since the nineteen
fifties with X-rays and proton beams initially used to test the idea [297, 298]. He is considered the
father of radiosurgery and the inventor of the Gamma Knife [299]. The first procedure with the
Gamma Knife was performed in 1967 [300].
The Gamma knife is currently the most popular device for radiosurgery with over one million
patients treated so far and an estimated eighty thousand patients treated globally per year [301]. The
first gamma knife consisted of 179 source bodies containing cobalt-60 arranged in a hemispherical
arc [302]. The beams from these sources are confocal and are collimated using a collimator helmet
that the patient wears around their head. This helmet is attached to a stereotactic frame that helps
in selecting the region to be treated. An illustration is shown in the figure below. [Fig of Scheme of
GK] Over time, the gamma knife has evolved with different numbers of sources, different position of
sources, and sources that can move relative to their initial position. All of them work on the same
underlying principle4.
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Figure 4.1: Schematic illustration of the working principle of a Gamma Knife [303]

Rotating Gamma Systems (RGS) are a recent development in radiosurgery [126, 304]. They
use 30 cobalt-60 gamma radiation sources that rotate around the long axis of the patients body.
Since they rotate around the patient, they mimic an infinite number of sources when compared to the
discrete pencil beams of the gamma knife [128]. A Rotating Gamma System (RGS) has 30 cobalt-60
gamma radiation sources that rotate around the long axis of the patients body [126]. The collimators
are part of two concentric hemispheres that rotate synchronously around the patients body with a
constant angular velocity, producing a close to spherical dose distribution at the isocenter of the
device. This device is able to produce a sharp fall-off of the dose giving us a narrow penumbra. It is
sometimes desirable to move away from a spherical dose distribution, especially when treating areas
close to critical organs such as the brain stem or the optic nerve. Intensity modulated radiation
surgery (IMRS) can deliver both high conformity and high selectivity by providing a sculpted dose
avoiding critical regions nearby. The RGS has the inherent capability to operate in IMRS mode by
making the hemispheres move asynchronously. While this capability has been proposed in literature
[305], it is yet to be studied dosimetrically. In our work, we describe our endeavor to model the IMRS
mode of operation of an RGS system currently commissioned at the Rotating Gamma Institute in
Debrecen, Hungary. In following sections, we describe our experimental and modelling procedures
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and establish that the RGS has IMRS capabilities. We also propose an additional mode of operation
of the RGS: the speed modulated radiation surgery (SMRS). This mode will have all the dosimetric
advantages of the IMRS with the added benefit of shorter time required to deliver the same dose.
With these two operating modes, it is now possible for the RGS to produce dose distributions that
are geometrically much different from the spherical distribution that is obtained from the regular
operating mode. This will not only improve the treatment times, it would also enable the RGS to
operate near critical organs at risk.

4.1

The Rotating Gamma System
The Rotating Gamma Institute at Debrecen in Hungary has a RGS Vertex 360TM by Ameri-

can Radiosurgery Inc. in operation since 2007. Its geometry and design are similar to the instrument
reported by Goetsch et al [126]. It consists of a hemispherical shell made of cast iron, which contains the 30 source bodies that houses the cobalt-60 sources and performs the primary collimation.
The sources are placed in one sector with latitude angles ranging from 14.3o to 52o sector angle
72o (Fig. 4.1). Another co-centric hemisphere houses the secondary collimators, which gives the
emerging beams their final shapes: beam widths of 4 mm, 8 mm, 14 mm and 18 mm. An extra
set of collimators are filled with tungsten plugs to block any radiation when the device is not in
operation. This is the devices home position. Together, the two concentric hemispheres rotate in
synchrony around the patients body with a pre-set constant angular velocity, producing a close to
spherical dose distribution at the isocenter of the device. The sources and collimators are present in
such a way that the isocenter is 3 cm away from the geometric center of the hemispheric shells, along
the axis of rotation. This enables the device to perform near the upper regions of the neck. This
device also comes with a patient positioning system that has freedom to move along three axes. The
Rotating Gamma Institute at Debrecen in Hungary has an RGS Vertex 360TM by American Radiosurgery Inc. in operation since 2007. Its geometry and design are similar to the instrument reported
by Goetsch et al [126]. It consists of a hemispherical shell made of cast iron, which contains the 30
source bodies that houses the cobalt-60 sources and performs the primary collimation. The sources
are placed in one sector with latitude angles ranging from 14.3o to 52o sector angle 72o . Another
co-centric hemisphere houses the secondary collimators, which gives the emerging beams their final
shapes: beam widths of 4 mm, 8 mm, 14 mm and 18 mm. An extra set of collimators are filled
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with tungsten plugs to block any radiation when the device is not in operation. This is the devices
home position. Together, the two concentric hemispheres rotate in synchrony around the patients
body with a pre-set constant angular velocity, producing a close to spherical dose distribution at
the isocenter of the device. The sources and collimators are present in such a way that the isocenter
is 3 cm away from the geometric center of the hemispheric shells, along the axis of rotation. This
enables the device to perform near the upper regions of the neck. This device also comes with a
patient positioning system that has freedom to move along three axes.

Figure 4.2: (a) The primary collimator body and (b) The secondary collimator body

4.2
4.2.1

Dosimetry and Proposed New Modes
Calibrating the RGS
To calibrate the RGS, absolute dose measurement was performed. A 3D pinpoint ion

chamber coupled with an electrometer from PTW GmbH were used for this purpose. The ion
chamber was filled with argon gas and had an active volume of 0.016 cm. cubed. Both were
calibrated regularly by the manufacturer to an accuracy of 1.1. The ion chamber was placed inside
a 16 cm water equivalent phantom and was irradiated with the 18 mm collimator for one minute
and the absolute dose rate was inferred for this collimation setting. Ten such measurements were
recorded an average value of 3.2 Gy/min was obtained. This was recorded into the treatment
planning software (TPS) and was used for all experiments.
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Spatial dose distribution was measured using Gafchromic EBT3 (External Beam Radiotherapy) films. A water equivalent phantom with a diameter of 16 cm was used and the films were placed
at its center such that it would coincide with the isocenter of the RGS. The films were irradiated
such that they receive a dose between 68 Gy with the rotational speed of the RGS varying between
14 rpms. The irradiated films were scanned using an Epson V 850 pro scanner at 72 dpi, as was
recommended by the manufacturer, and were evaluated using FilmQAPro to create the dosimetric
distribution data.
For calibrating the films, comparison of dosimetric properties of films exposed to different
pre-defined doses were used and were validated with ion chamber measurements. Measurement
uncertainties were measured by comparing zero and high intensity reference films simultaneously.
For the comparison of dosimetric profiles with those from simulation, data from the red channel of
the RGB scanned image was use.

4.2.2

IMRS Mode of the RGS
A five-axis microcontroller governs the rotational motion of the source body and the sec-

ondary collimator. During the normal operation, both the hemispheres are rotated at a constant
speed, locked at their home position. Once a collimator is selected, the micro controller changes the
angular velocity to bring the required collimator in alignment with the source body, following which,
both the hemispheres move in synchrony to continue delivering the dose which produces a spherical
dose distribution. For a non-spherical dose distribution, we would be required to block the radiation
from pre-selected directions. This can be achieved by bringing the collimator and the source body
off-alignment at the regions where radiation needs to be blocked. The IMRS code was modified
to allow for the IMRS operation of the RGS in compliance with the manufacturer. The treatment
planning software was also modified to accommodate for the IMRS mode of operation. For studying
the spatial distribution while the device is operating in IMRS mode the following angular regions
were blocked: 61o − 180o and 241o − 360o and the same procedure as normal operation was followed
to record the dosimetric distribution.
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4.2.3

Monte Carlo Simulation
The Geant4 package was used to perform he simulations for this study. Geant4 is a Monte

Carlo simulation toolkit for the simulation of passage of particles through matter [306, 307, 308, 306,
309]. It was developed to run simulations of high energy particles at CERN but is also conducive
in several other fields. The Palmetto cluster at Clemson University was used to take advantage of
the parallel computing capabilities of Geant4.
A general particle source (GPS) was used to generate the gamma photons and setup the
spectral, spatial and angular distribution similar to that of the RGS. The entire geometry of the RGS
was reproduced following the blueprints that were made available to us. Native Geant4 elements such
as Boolean solids and G4Polycone were used to create the geometry. The source tablets were also
modelled after the manufacturer and positioned inside the source cavity, which is a hemispherical
shell made of cast iron as shown in Fig. 4.3. To recreate the original machine, the GPS was
programmed to generate two photons of energy: 1.33 M eV and 1.17 M eV , respectively, with angular
isotropy [310] and tracked those photons that were within an angular distribution of 3 degrees to
make the simulation more efficient [311]. We defined a three dimensional mesh similar to the film
used in real life to get the results of our simulation. In Geant4, the scoring mesh exists in a parallel
plane and does not interfere with the physical geometry within the simulation. A grid measuring
40 mm × 40 mm × 1 mm was setup which was further split into 160 × 160 × 1 cubic bins to record
dose deposited in both Gy and M eV . Capitalizing the symmetry of the geometry, the mesh was
rotated in place of the sources to further improve the efficiency of the code [311].

Figure 4.3: Illustration of (a) the Source along with the secondary collimator, (b) position of one
source with respect to the water equivalent phantom and (c) position of all sources with respect to
the phantom used in the simulation with detector at the center
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A physics list suitable for medical physics applications, QGSP \BIC 4.0 EM option3 [312],
was used. If the primary particle did not have enough energy to create a secondary particle that
could travel at least 1 mm into the medium, a secondary particle is not produced and the primary
particle loses energy via other modes. Thus, in Geant4, distance in place of energy, is used as a cutoff.
The cutoff was set to 1 mm to further streamline the simulation. We used 3.6 × 1010 particles to
model the RGS so that we could generate satisfactory statistics for evaluating the dose distributions.
To validate our simulation model in Geant4, we compared experimental and simulation results from
the normal mode of operation, where a spherical dose distribution was obtained. After verification
of the normal mode of operation, the simulation was used to forecast the IMRS mode of operation
of the RGS and compared with the experimental data. Finally, the simulation was used to predict
the SMRS modality by using harmonic angle to speed functions.

4.3
4.3.1

Modeling Results
Normal Mode: Validation of the Model
Under the normal operating mode, the RGS produces approximately spherical dose distri-

butions at the isocenter. To check the accuracy of the model, dose profiles and penumbrae were
compared for dose delivered inside the water phantom. The measurements were made with the
film in the X-Y position in a plane which is perpendicular to the patients axis. Comparison of the
measured simulation and experimental data can be found in Fig. 4.4.
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Figure 4.4: Profile comparison of the simulation and the experimental data of the X-axis of the XY
plane for the four collimator sizes of the RGS; a: 4 mm, b: 8 mm, c: 14 mm, and d: 18mm

As we can see, the profile appears similar to previous simulation works in literature [128, 129].
The penumbra width was calculated after Kubo et al [127]. Table below lists the comparison of
penumbra width at 90% and 50% intensities. We can clearly see that the agreement is close for the
4 and 8 mm collimator configurations. The profiles closely match near the region with 50% width.
The experimental profile falls off faster near the top causing relatively larger changes in the values
of the penumbra. A comparison of our work with previously published data is shown in Fig. 4.5.

Collimator
Size
4
8
14
18

Experiment (mm)
90%
50% Penumbra

Simulation (mm)
90%
50% Penumbra

2.82
6.54
12.26
15.83

3.12
7.31
13.59
17.26

6.02
11.11
17.61
22.16

1.6
2.13
2.68
3.17
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6.21
11.53
18.62
22.83

1.55
2.11
2.14
2.79

Figure 4.5: Comparison of X profiles of different RGS devices and their simulation. [S] represents
simulation data and [E] represents experimental data

simulation results show a good agreement with those from the experiment, except for the
device at UC Davis, which was modified onsite as described by Kubo et al [127].

4.3.2

Intensity Modulation
As explained before, the IMRS mode of operation included radiations blocked from the

following angles: 61180 and 241360. The dose distribution was now an ellipsoid, deviating far from
the spherical distribution obtained under normal mode of operation.
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Figure 4.6: Intensity Modulated Radio Surgery (IMRS) mode of RGS comparing the dose delivered
by the 4 mm and the 18mm Collimator between the Simulation (a), (b) and Experiment (c), (d)

A comparison of dose profiles is shown below.
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Figure 4.7: Profile comparison along the short and long axis for the intensity modulated operation
in 4 mm (a), (b) and 18 mm (c), (d) configuration

The profile falls sharper along the directions which were blocked compared to the unblocked
direction as can be seen in Fig. 4.6.

4.3.3

Speed Modulation
One disadvantage of the IMRS mode is that the radiation sources are off while they travel

through the blocked regions. This results in a longer time to deliver the same dose when compared to
normal operating mode. More angles blocked will result in even larger time to deliver the dose and
in the above case, itd take 3 times longer to deliver the same dose which might make it unusable for
cases requiring high doses. To overcome this difficulty, we propose the speed modulated radiosurgery
(SMRS) mode. Rather than blocking radiation from directions it is not required, we propose to alter
the speed of the radiation head in that region. The results are shown below for angular speeds that
were a function of the angle around the patient.
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Figure 4.8: Simulation of Speed Modulated Radio Surgery (SMRS) mode of RGS. (a) and (c) show
cosine modulation while (b) and (d) show sine modulation of the angles for 4 mm and 18 mm sizes
of the collimator

The rotational speed of the collimators were a sine function for cases represented in Fig. 4.8
(a) and (c) and it was a cosine function in Fig. 4.8 (b) and (d). The dose distribution is similar to
the IMRS mode of RGS and a comparison of the dose distribution along the major and minor axis
is illustrated in Fig. 4.9 with the comparison of the penumbras shown in the following table.
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Figure 4.9: Profile comparison along the short and long axis for the speed modulated operation in
(a) 4 mm and (b) 18 mm configuration

The comparison of profiles from the 4 mm collimator and the 18 mm collimator are shown
in Fig. 4.9 (a) and (b) respectively.

4.4

Conclusion: Novel Operating Modes Of The RGS Introduced
In certain clinical cases it becomes perilous and impossible to perform radiosurgery to treat

various lesions near critical organs and areas. While the blocked angle mode has been tested and
proven effective to treat such cases for Gamma Knife [313], the same has not been done for the
RGS. This work presents the first such systematic study on a RGS and presents two new possible
working modes: the IMRS and the SMRS. First, our model was validated by comparing the results
with the experimental dose profiles as can be seen in figure 3 and table 1 and our results are a closer
Collimator
Size
4
18

Axis

90%

Long
Short
Long
Short

3.9
2.33
20.31
16.03

IMRS (mm)
50% Penumbra
7.59
4.9
27.59
19.33

1.85
1.29
3.64
1.52
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90%
3.62
2.34
19.85
15.98

SMRS (mm)
50% Penumbra
7.88
5.2
27.61
19.21

2.13
1.44
3.87
1.61

match than previously published results. With the IMRS mode, it is possible to produce sharper
dose fall off near critical organs at risk at an expense of increased time to deliver the dose. This can
be overcome by operating in the SMRS mode which has similar dose fall-off but does not require
longer time to deliver the dose. It is to be noted that the function used in SMRS in this work was
chosen such that the results could be compared with the IMRS mode. Other intricate functions
for orbital speed could be chosen to optimize tissue sparring, conformity, selectivity, target coverage
and treatment times.
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Chapter 5

Study the Effect of Low Dose
Radiation on Cells
Low dose x-ray radiation is at once fairly common in everyday life and poorly understood
in terms of its effects on the human body. Exposure to small amounts of x-rays can come from
many sources including natural background radiation, cosmic radiation, disaster spill-out, diagnostic
devices, and therapeutic devices. Within the scientific community, there is increasing concern for the
possible dangers associated with cumulative exposure to these low dose sources [314, 315, 316] leading
to assessment of carcinogenic risks [317] and safety studies from regulatory entities [318, 319, 320].
Medical imaging is of particular interest as its widespread use in the U.S. has reached approximately
70 million scans a year [236]. Such research also has applications in space travel as other recent
experiments indicate potential long-term effects of exposure in space [321, 322].
The study of biological systems is challenging due to the large number of variables, timevarying feedback mechanisms, and initial conditions that need be considered to identify causation for
any outcome. For instance, low dose experiments on cell samples have shown considerable variation
in results with different cell types, radiation sources, and doses [323, 324, 325, 326, 327]. Some such
studies suggest a threshold dose (< 0.1 Gy) below which there is no cell response [323, 324]. Others
dispute the claim that the effects are harmful, showing positive effects on a number of cell types
and animal models [325, 326, 327]. Yet, many of these experiments lack sufficient and necessary
information on experimental conditions affecting their reproducibility and dose determination —
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Figure 5.1: Unconventional operation of a LINAC to accommodate the irradiation of cells. The cell
cultures were placed 4.5 m away from the isocenter of the isocenter [328] near the wall of the room.

dose rate, radiation type, applied filters, geometry of both experiment and sample within sample
container, and environmental conditions.
A major challenge in the study of the effect of low-dose radiation on cells is the setup used.
In most of the aforementioned studies, the setup used to conduct these studies was from a clinic
which is designed for treating patients. These devices use completely different energy beams, usually
in the megavoltage range, during their regular operation. This makes them unsuitable for the study
and the researcher is forced to resort to use of unconventional methods 5.1 to obtain dose rates
identical to those that are due to natural sources of low-dose radiation. Most devices for therapy or
diagnosis in the clinic have an extended source which is calibrated for dosage and heavy collimation
or shielding is required to deliver a low-dose or low dose-rate. This again leads to added error margins
in dose and dose-rate calculations. In most of these studies, the actual dose values received by the
cell cultures are left obscure only, stating the dose received by the entire sample which includes both
the cell culture and the nutritious media. Thus, the results on the effect of low-dose radiation from
these experiments lose their merit. Due to these challenges, it was also impossible to study the effect
of dose-rate and the energy of the beam on living cells in any of the prior studies.
For the purpose of analyzing the effects of low dose x-ray radiation on cell and tissue samples
in a controlled environment, at the Medical Physics Lab of Clemson University we have designed,
installed and tested an irradiator apparatus compatible with a commercial biological incubator.
It makes use of the strong, quasi-monochromatic characteristic radiation produced by various exchangeable fluorescent plates upon interaction with bremsstrahlung x-rays to deliver a desired dose
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to a small sample container. The irradiator setup — including bremsstrahlung source, fluorescent
plate, sample container, and solid state detector — is shielded by a thick steel box and housed
within the incubator. The single-photon counting detector provides continuous monitoring of x-rays
incident on the sample while the incubator allows control of environmental conditions, increasing
cell longevity to a maximum of 72 hours. These features and the preliminary geometrical, physical,
and spectral calibrations result in well-characterized, reproducible experimental conditions.
As proof of concept, an experiment was performed observing the effects of a 2 mGy dose
using characteristic x-rays of iron, copper, and calcium on the proliferation of rat vascular smooth
muscle cells (VSMC). All irradiated samples showed proliferation greater than the control group at
48 hours post-treatment, but the degree of increase was spectrum-dependent with irons characteristic
x-rays showing the most dramatic effect. The data obtained provide a positive proof of concept for
the irradiation setup as well as a promising avenue of future bio-radiation research.

5.1

Radiation-Safe Cabinet
As previously mentioned, the irradiator setup consists of an x-ray fluorescence tube, flu-

orescent plate, sample container, and solid state detector. The x-ray tube has a power rating of
4 W and has maximum voltage and electron current of 50 kV and 40 µA respectively [329]. As
illustrated in Fig. 5.2, the source is installed at an angle with respect to the target plate mount
below. The nose of the x-ray tube is encased in a 4.44 cm wide solid steel cube to shield all but the
target plate — ensuring that the only radiation incident on the sample container and detector is the
quasi-monochromatic characteristic radiation the plate produces.
The target mount measures 10.3 cm × 10 cm × 3 cm and is attached to a pivot point.
Plates of various metallic composition may be used to provide characteristic x-rays. It is possible to
paint or glue non-metallic elements onto the target in a thick enough layer to fully absorb incident
bremmstrahlung radiation as well.
The sample holder located above the target mount was designed with a commerciallyavailable self-assembled high-density polyethylene (HDPE) cup [330] in mind to contain samples.
This container has a 6µm Mylar foil bottom to reduce x-ray attenuation before the radiation reaches
the sample. In contrast to standard cell culture dishes, low-energy x-rays will pass through the Mylar
relatively unimpeded and the very slight attenuation can be accounted for in dose calculations. To
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Figure 5.2: X-ray fluorescence source and the detector arrangement inside the cabinet. The detector
is placed in the position of the biological sample for calibration.; Inset: The radiation box from
outside showing the shielded opening slots.

aid in calibrations, the sample holder is fixed to a pivot point allowing for angular rotation, θ, with
respect to the target mount and it is attached to rails to adjust distance from the mount ~r. A
protractor and ruler are built in for simplicity and accuracy of measurement.
The detector is a single photon counting Si-PIN diode detector that provides continuous
monitoring during calibration and experiment [331]. For calibration purposes, the detector is placed
in the sample holder for accurate determination of the amount of radiation reaching the sample during the subsequent experiment. During experiments, the detector is positioned 10 degree clockwise
from the sample.
The incubator housing the irradiator cabinet allows for accurate temperature, humidity, and
CO2 composition monitoring and control without modification to the commercial design [332]. The
custom irradiator cabinet consists of stainless-steel sheets 6 mm thick and has external dimensions
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Figure 5.3: Illustration of the radiation safety box and the sliding door with the opening slots. Inset:
a cut-out view of the radiation leak-proof door

of 42 cm × 36.8 cm × 15.7 cm. As seen in Fig, 5.3, radiation-safe slots on the front side sliding door
expose the interior to the incubators internal atmosphere while maintaining radiation shielding.
A PCIe slot fan is installed in a slit on top of the cabinet to aid in cooling the x-ray tube and
maintaining desired atmospheric conditions. A secondary x-ray tube cooling fan is affixed below the
tube with displacement brackets. In the upper right corner of the cabinet, there is a junction box
that shields all cable connectors and external ports to prevent leaks.

5.2

Calibration of Source and Data Collection
First in the calibration process, a geometrical survey of fluorescent plate radiation was done

with the x-ray tube voltage and current set at 15 keV and 75 µA respectively. The detector recorded
single photon counts to obtain a spectrum. A copper fluorescent plate was used as the characteristic
Cu Kα peak is easily identifiable. To determine the spatial dependence of the radiation field, the
detector was fixed at distances from 10.1 cm to 13.1 cm in 1 cm increments. Detector position was
then varied 20 degree on either side of the vertical in 2 degree increments. The resulting plot of
Cu Kα peak intensity is shown in Fig. 5.4. As expected, it is evident that the field has no significant
angular dependency, but there is a dependence on distance from the fluorescent plate.
To determine the energy associated with the photons detected and thereby the characteristic
peaks, an energy calibration was performed using the known characteristic K peaks of copper,
iron, nickel, and argon. Detected peaks were fitted with Gaussian functions of the pulse height
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Figure 5.4: Intensity of the Cu Kα peak as a function of the detector’s position

Figure 5.5: Energy calibration curve of the Si-PIN diode detector based on known K transition lines

distribution and peak position parameters were used to assign channel positions culminating in the
calibration curve and spectrum seen in Figs. 5.5 and 5.6 for copper. The spectrum shows small
contributions from scattered bremsstrahlung x-rays from the x-ray tube and characteristic x-rays
from the surrounding surfaces, but it is dominated by the Kα and Kβ peaks of Cu and N i.
The total energy absorbed by the sample is determined by multiplying the number of photons
in each calibrated channel by the x-ray energy associated with that channel. The number and energy
of the counted photons are the basis for the dose rate and absorbed dose calculation. The uncertainty
of the photon count in any channel is assumed to be the square root of that photon count as the
detection method is a single photon count method.
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Figure 5.6: X-rays spectrum obtained using a copper plate with the detector in the position of the
biological sample. A third order polynomial can approximate the small bremsstrahlung background
radiation reaching the detector in this range.

The absorbed dose is defined as the expectation value of energy imparted to the matter per
unit mass at a point [333]. However, there are several correction factors that must be accounted
for as well. Such factors include photon absorption in other media, the dead-time of the detector,
the detector surface area, the thickness of the cell culture medium, and indirect effects from x-ray
absorption by the cell culture medium. Transmission rates for each medium encountered between
the fluorescent plate and detector must be considered to establish the true number of photons
emitted by the plate. The x-ray energy-dependent transmission coefficients were found from the
mass absorption coefficients in a standard reference table, Table 5.1 [334]. Before arriving at the Si
absorber within the detector, the emitted photons travel through a layer of air and then through
a 12.5 µm thick Be window. There is also a period of time during which the detector is incapable
of registering a new photon, called the dead-time of the detector. The combination of these two
factors results in the actual photon count being higher than the number detected. After ascertaining
the actual photon count produced by the target plate, the amount absorbed by the sample must be
calculated. From the plate to the sample holder, photons again travel through a layer of air and
then through the 6 µm thick Mylar sheet of the sample container. Corrections must then be made
to the mass of the cells. The mass in the dose calculation corresponds to the mass of cells with
surface area equal to the detector surface area and the thickness of the cell layer, which is typically
5 µm thick. Indirect effects of irradiation such as the production of free radicals may occur in the
1 − 2 cm of nutritional medium above the cell layer. The physical properties of both the cell layer
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Table 5.1: The absorption coefficients
spectrum
Signature Energy
in KeV
Ar Kα
2.96
Ar Kβ
3.19
Fe Kα
6.4
Fe Kβ
7.06
Ni Kα
7.47
Cu Kα
8.05
Ni Kβ
8.26
W Lα
8.4
Cu Kβ
8.91
W Lβ
9.67

at x-ray energies that correspond to the main peaks of the
12.5 um
Be Window
0.95019
0.96042
0.99543
0.99660
0.99713
0.99768
0.99784
0.99794
0.99824
0.99858

6 um mylar
Sheet
0.89266
0.91301
0.98912
0.99197
0.99326
0.99461
0.99504
0.99530
0.99606
0.99695

5um Water
0.89266
0.91301
0.98912
0.99197
0.99326
0.99461
0.99504
0.99530
0.99606
0.99695

and the nutritional medium are approximately equivalent to water.
Thus, the absorbed dose as determined by the photon count in each energy channel can be
written as
Pn
D=

i=1

Ni × Ei × Ci
M

where Ni is the photon count in each channel i, Ei is the x-ray energy corresponding to the
channel, M is the mass of the biological sample corresponding to the detector’s surface area, and Ci
represents the applicable energy-dependent correction terms. The correction terms can be written
as

Ci =

TiAir1 × Timylar × [1 − TiW ater ]
× Cd
TiBe × TiAir2

where Ti is the transmission coefficient for photons in each medium and Cd is the correction
for the detector dead time. The transmission coefficients can be calculated from the mass absorption
coefficients in Table 5.1 as detailed below.

Ti = exp (

−µi × x
)
ρi

where x is the thickness of the medium (beryllium, mylar, water, or air), ρ is the density of
the medium, and µi is the mass absorption coefficient at the photon energy corresponding to channel
i.
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Figure 5.7: Illustration showing the propagation of x-rays and the corresponding transmission coefficients used in our calculation
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The dose rate is also a useful quantity. It can be calculated by dividing the dose equation
by the spectrum acquisition time. Each fluorescent plate and x-ray tube power setting combination
will deliver a fixed dose rate and a desired dose can be administered by modifying the irradiation
time. A sample spectrum is shown in Fig. 5.6. It was obtained with the detector in the sample
container position, but placing the detector in its angled position would yield similar results. Using
this method, the dose delivered per minute was found to be 6.79 µGy/min ± 0.15 µGy/min.

5.3

Experimental Data, Analysis, and Results
The proof of concept experiment was done on rat vascular smooth muscle cells (VSMC).

Cells at a passage of 9 were plated in the sample containers. The nutritional medium consisted of
500 mL of Dulbeccos Modified Eagle Media (DMEM), 50 mL of Fetal Bovine Serum (FBS), and
10 mL of Antibiotic-Antimycotic. 100, 000 cells per Mylar cup were given 18 hours to attach prior
to irradiation. Other cell types may resist attaching to the Mylar film such as cardiomyocytes,
neurons, etc. For these cells or prolonged culture times, the film may need to be coated in an
adherent protein (i.e., collagen) or peptide (i.e., RGD). In such cases, this layer must be accounted
for in dose calculations.
In the experiment, the independent variable was the target plate material — iron, copper,
and calcium. Four equal groups of cells received a 2 mGy dose — Group A with iron, Group B
with copper, Group C with calcium, and Group D was left unirradiated as a control. To maintain
consistent environmental conditions, all groups were stored together throughout the process.
As seen in Fig.5.7, proliferation assays were completed at 8, 24, and 48 hours post-irradiation.
All proliferation assays had n = 9 except for the 24 hr iron which had 8 samples. Proliferation assays
were also completed at 72 hours with n = 0 for each condition.
It should be noted that cells typically multiply at a slower rate after 36 to 48 hours due to
the spatial limitations of the sample containers and all cultures reached confluence by 72 hours. For
effects after 48 hr, the seed size can be reduced to 40, 000 cells. In future experiments, a collagen or
fibronectic substrate is recommended to allow for better VSMC adherence as the Mylar film lacks
the specific attachment moieties to allow for integrin binding.
Fig. 5.8 illustrates that every data set with the exception of 24 hr copper was statistically
significant as determined by a paired Students t test where p < .05. The proliferation between hours
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Figure 5.8: Cell response after radiation

24 and 48 is most pronounced as each irradiated group shows exponential growth compared to the
control. Cell proliferation is also clearly spectrum-dependent at 48 hours and to a lesser degree < 24
hours. The 2 mGy dose appears to be below the threshold to elicit apoptosis as no significant cell
death was witnessed. This corroborates findings from an earlier iteration of the irradiator system
where proliferation of 3T3 fibroblasts 48 hours post-irradiation with characteristic copper x-rays
significantly outpaced that of the control group [335]. Future experiments to determine the influence
of energy, dose rate, and cell type could be valuable as could additional tests like Polymerase Chain
Reaction Analysis (PCR) to identify changes in genetic information due to irradiation.

5.4

Conclusion: Unique X-ray Irradiator Available for Research
We have designed and tested a temperature- and atmospheric- composition-controlled, ra-

diation shielded incubator cabinet. The goal of the project was to provide a capability for the users
of the device to analyze the effects of low dose x-ray radiation on biological tissues. Bremsstrahlung
x-rays incident on fluorescence plates produce strong, quasi-monochromatic x-rays to irradiate tissues in a small sample container. The dose and dose-rate are highly characterized and have a low
error margin. A standard mylar bottom plastic cup is used which makes it suitable to conduct experiments with a variety of cell culture types. A proof-of-principle experiment observed rat vascular
smooth muscle cell proliferation after absorbing characteristic x-rays of iron, copper, and calcium.
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The results show that all irradiated cells exhibit significantly increased growth compared to the
control group. In this study, we investigated the effect of incident energy on the cell culture which
was not possible in any prior studies. The results [Fig 5.7 bar graph] imply that the cells react to
different incident energies in a contrasting manner. Investigation of the controlling mechanisms are
left for future study. The experiment proves the efficacy of the apparatus and shows promise for
future low dose bio-radiation analysis.
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Chapter 6

Overall Conclusions and Scope for
Future Work
The comparison of dose profiles from simulation and experiment show close agreement for
the normal mode of operation thus validating our simulation model. The experimental value of the
penumbras of the profile from the IMRS mode of operation also shows close agreement with the data
obtained from our simulation. In the IMRS mode of operation, the dose modulation capability of the
RGS is investigated and we see that the dose distribution is highly checked in the directions where
radiation is blocked resulting in sharper penumbras. However, this mode of operation introduces a
setback. Since the radiation is completely blocked, the total time to deliver the dose, that is the dose
rate, is adversely affected. Our simulation of the SMRS mode suggests that dose sculpting like the
IMRS mode is possible. As radiation is not completely blocked from any direction, the dose rate is
not effected and treatment times stay low. With the introduction of the IMRS and the SMRS mode
of operation, the RGS is now capable to treat areas near critical organs and areas at risk. With the
SMRS mode, no compromise on treatment times are required.
We have designed a new setup to irradiate cells with highly-characterized, low-dose radiation
to do a systematic study on the cells in a controlled environment. This setup complies with both the
university and State radiation safety policies and was specifically designed keeping X-ray generation
and detection in mind. Using the metal target, we are able to produce highly monochromatic X-ray
radiations that will help in a systematic study. The X-ray source has a tunable capability and by
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controlling the current we can control the intensity of X-ray photons produced, thereby modulating
the dose delivered to the cells. An attachment is provided to accommodate live culture of cells in
proper position during irradiation procedure. The ambient environment ensures that there are no
external sources of stress for the cells. The setup is flexible and can accommodate tissue samples
and tendons beside live cell cultures.
Our Monte Carlo simulation code was verified against experimental results. This proves the
capability of our group to simulate the operation of devices that involve high intensity radiation.
Now it is possible for our group to design and model radiosurgery devices with better characteristics
that are capable to extending their operating capabilities to other parts of the body and near other
critical organs. Although more studies are required to accommodate operational capabilities near
critical regions that are in constant motion like the heart or the lung, the potential is quite promising.
With the irradiator setup, now we are able to deliver highly characterized low-dose radiation.
This will help us to study the effect of low-dose radiation on cells. Due to the low output of the
device, we can study scenarios to investigate for example the effect of space travel on human tissue.
This will require very low doses of radiation, that were not available in our lab before. We could
also tune the current going into the tube to study the effects of low-dose and low-dose-rate on the
cells. The flexibility in choosing the energy of incident radiation by switching out the metal plates
also gives us an opportunity to study the energy-dependence of radiation on cells.
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Purpose: The purpose of this work was to explore two novel operation modalities of the rotating
gamma systems (RGS) that could expand its clinical application to lesions in close proximity to critical organs at risk (OAR).
Methods: The approach taken in this study consists of two components. First, a Geant4-based Monte
Carlo (MC) simulation toolkit is used to model the dosimetric properties of the RGS Vertex 360TM for
the normal, intensity modulated radiosurgery (IMRS), and speed modulated radiosurgery (SMRS)
operation modalities. Second, the RGS Vertex 360TM at the Rotating Gamma Institute in Debrecen,
Hungary is used to collect experimental data for the normal and IMRS operation modes. An ion
chamber is used to record measurements of the absolute dose. The dose profiles are measured using
Gafchromic EBT3 films positioned within a spherical water equivalent phantom.
Results: A strong dosimetric agreement between the measured and simulated dose profiles and
penumbra was found for both the normal and IMRS operation modes for all collimator sizes (4, 8,
14, and 18 mm diameter). The simulated falloff and maximum dose regions agree better with the
experimental results for the 4 and 8 mm diameter collimators. Although the falloff regions align well
in the 14 and 18 mm collimators, the maximum dose regions have a larger difference. For the IMRS
operation mode, the simulated and experimental dose distributions are ellipsoidal, where the short
axis aligns with the blocked angles. Similarly, the simulated dose distributions for the SMRS operation mode also adopt an ellipsoidal shape, where the short axis aligns with the angles where the orbital speed is highest. For both modalities, the dose distribution is highly constrained with a sharper
penumbra along the short axes.
Conclusions: Dose modulation of the RGS can be achieved with the IMRS and SMRS modes. By
providing a highly constrained dose distribution with a sharp penumbra, both modes could be clinically applicable for the treatment of lesions in close proximity to critical OARs. © 2018 American
Association of Physicists in Medicine [https://doi.org/10.1002/mp.12887]
Key words: Geant4-based Monte Carlo simulation, intensity modulation, radiosurgery, rotating
gamma system, speed modulation
1. INTRODUCTION
Stereotactic radiosurgery (SRS) is being used for the treatment of benign and malignant tumors, vascular malformations, and functional disorders. It employs 3D target
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localization to guide several finely collimated pencil radiation
beams to deliver a single, precisely localized, high dose of
targeted radiation. RGS Vertex 360TM rotating gamma system
(RGS) apply 30 cobalt-60 gamma radiation sources that
rotate around the long axis of the patient’s body.1 The
© 2018 American Association of Physicists in Medicine
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collimators are part of two concentric hemispheres that rotate
in synchrony around the patient’s body with a preset constant
angular velocity, producing a close to spherical dose distribution at the isocenter of the device. The narrow penumbra of
the machine is due to the sharp dose falloff resulting in the
various entrance angles the rotation produces. The effect is
comparable to the dose distribution delivered by the Gamma
Knifeâ type devices that employ a large number of static
sources.2 Intracranial radio surgical treatments performed
with various types of devices have been well documented in
the literature,2–5 but papers describing the dosimetric capabilities of the RGS-type machines are sparse.1,6–8
Highly accurate dose delivery representative of Gamma
Knifesâ and RGS devices is especially important for the
treatment of cases near critical structures of the brain.
Trigeminal neuralgia (TN), for example — a form of
chronic, debilitating neuropathic pain — is one of the
cases, where the use of these machines is desirable, but the
application depends on the particular case due to the closeness of the brainstem. TN is caused by pressure on the
trigeminal nerve from nearby blood vessels or tumors, by
the damage of the trigeminal myelin sheath, or by nearby
arteriovenous malformations.9 If medications fail to reduce
pain or lead to adverse side effects, then surgical techniques, including SRS, maybe applied.10,11 The effective
treatment of TN with SRS depends primarily on the precise
delivery of a high dose of radiation, in the order of 75 to
90 Gy, to the trigeminus nerve, however, SRS can only be
used for the treatment of TN when the dose spillage to the
brain stem can be minimized.12 In order to, create a sharp
dose falloff (high selectivity), while depositing high dosage
of radiation (high conformity) to treat TN and similar disorders near critical structures of the brain intensity modulated
operation of the RGS has been proposed13 (Intensity
Modulated Radiation Surgery, IMRS).
IMRS can deliver both high selectivity and high conformity by providing a sculpted dose intensity distribution, as
opposed to the spherical dose distribution. The shaping of
the dose distribution can be achieved when the sources and
collimators rotate asynchronously in certain angular positions
to block the radiation beams at those angles. Although IMRS
in connection with gamma knife14 and various RGS devices
has been proposed in the literature13 as an intrinsic capability
stemming from the rotation of the sources, this technique has
not been studied dosimetrically or demonstrated in practice to
date.
In this paper, we describe the efforts of the Medical
Physics research group of the Department of Physics and
Astronomy at Clemson University (CU) to model the
IMRS operation of an RGS system in service at the
Rotating Gamma Institute (RGI) in Debrecen, Hungary. In
the following, we present our modeling and experimental
procedures and demonstrate that adequately modified dose
distributions can be produced by the IMRS operation of
the RGS by blocking the radiation from certain directions.
This method could potentially expand the applicability of
the RGS to previously untreatable cases of trigeminal
Medical Physics, 45 (5), May 2018
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neuralgia and other similarly high-risk conditions. Results
of the calculations have been compared with dosimetric
measurements at RGI.
As an extension to the blocked angle IMRS mode, this
paper also describes our studies of another operational
modality of the RGS that could have a critical clinical
impact. This modality is called Speed Modulated Radiation Surgery (SMRS) and works by modulating the rotational speed of the cobalt-60 sources with a
predetermined mathematical function of the rotation angle.
SMRS can produce dose distributions that are geometrically different from the spherical distribution created while
operating at a constant angular velocity. The proposed
SMRS modality of the RGS may increase the envelope,
precision, and control of the dose distribution without
compromising the penumbra achievable with IMRS with a
greatly improved treatment time. This would enable the
use of the RGS for cases of TN and other treatment indications in close proximity to critical tissues that the RGS
could not treat otherwise.

2. MATERIALS AND METHODS
2.A. Rotating gamma system in Debrecen, Hungary
The rotating gamma system at the Rotating Gamma
Institute in Hungary (RGS Vertex 360TM by American
Radiosurgery Inc., San Diego, CA, USA) has been in
operation since 2007. Its geometry and design are similar
to the instrument reported by Goetsch et al.1 It consists of
a hemispherical shell made of cast iron, which contains
the source body that houses the sources and performs the
primary collimation. The sources are placed in one sector
with latitude angles ranging from 14.3° to 52° sector
angle 72° [Fig. 1(a)].
A second concentric hemispherical shell contains the
secondary collimators to produce approximately spherical
dose distributions with 50% width having diameters
4 mm, 8 mm, 14 mm, and 18 mm [Fig. 1(b)]. There is a
fifth set of collimators in this shell, which contain tungsten plugs to block the radiation when aligned with the
sources in the so-called “0” or home position. The
sources and collimators are placed such that, when
aligned, the intersection point of all the gamma beams is
3 cm outside from the center of the hemisphere along the
axis of rotation of the shells to extend the reach of the
instrument toward the upper neck region. The system
incorporates a patient positioning system capable of movement along three directions.
2.B. Dosimetry of the RGS and analysis of
experimental data
Absolute dose measurements were performed by a 3D pinpoint ion chamber together with an electrometer from PTW
GmbH. The chamber has an active volume of 0.016 cm3
filled with argon gas. The electrometer and the ion chamber
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FIG. 1. (a) The primary collimator body and (b) the secondary collimator body. [Color figure can be viewed at wileyonlinelibrary.com]

were both calibrated by the manufacturer to an accuracy of
1.1%. The chamber was placed inside a 16 cm water equivalent phantom and was radiated for 1 min with the 18 mm collimator to infer the absolute dose rate achievable with this
collimation. Ten independent dose rate measurements were
taken with an average value of 3.2 Gy/min. This dose rate
was entered into the Treatment Planning Software (TPS) and
was used throughout these experiments.
In order to measure the spatial dose distribution, Gafchromic EBT3 (External Beam Radiotherapy, Ashland) films
were used. The films were scanned using an Epson V850 Pro
Scanner at 72 dpi resolution, as was recommended by the
manufacturer. The films were placed at the center of the
spherical 16 cm diameter water equivalent phantom and were
positioned to the isocenter of the machine during the irradiations. The rotational speed of the RGS was between 1 and
4 rpms, and the films received a total dose between 6 and
8 Gy. The films were processed with the film evaluation software (FilmQAPro) provided by the vendor to generate the
dosimetric distribution data.
Calibration of the films was performed by comparing
the measured dosimetric properties obtained from films

that were irradiated with predefined doses, which were
validated with ionization chamber measurements. This was
performed sequentially for six strips of film. For each
measurement, scans of zero intensity and high-intensity
reference films were also taken simultaneously to account
for the measurement uncertainties. Data from the red
channel of the scanned RGB color image were used for
comparisons of the dosimetric profiles with those determined by simulation.
2.C. RGS operation in IMRS mode
The rotational motion of both the source body and the secondary collimator is controlled by a 5-axis microcontroller
within the RGS’s electronic control system. During normal
operation, the microcontroller initially rotates both the primary and the secondary collimator bodies to their home position synchronously. The microcontroller selects the
appropriate collimator by changing the angular velocity of
the secondary collimator body until the desired collimator is
aligned with the sources, after which both bodies are moved
synchronously to maintain this alignment. These collimators

FIG. 2. Illustration of (a) the source along with the secondary collimator, (b) position of one source with respect to the water equivalent phantom, and (c) position
of all sources with respect to the phantom used in the simulation with detector at the center. [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (5), May 2018
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are rotated around the axis of the hemispheres at a constant
angular velocity, which produces a close to spherical dose
distribution.
In contrast, nonspherical dose distributions can be
achieved with the RGS while operating in the IMRS
mode, where the radiation is blocked at preselected angular positions during the treatment. Blocking is achieved
by misaligning the primary and secondary collimator bodies as they rotate through the angular regions where
incoming radiation is not desired. In collaboration with

2292

the manufacturer, the microcontroller code was modified
to allow for IMRS with the RGS. Modifications to the
treatment planning software were also made to accommodate the IMRS mode; e.g., halting the timer whenever the
radiation is blocked during the treatment to account for
the proper dose delivery time.
Measurements to study the spatial dosimetric distribution
of the IMRS mode were the same as described in the previous
section with the angular regions between 61° and 180° and
241° and 360° blocked.

(a)

(b)

(c)

(d)

FIG. 3. Profile comparison of the simulation and the experimental data of the X-axis of the XY plane for the four collimator sizes of the RGS; (a) 4 mm, (b)
8 mm, (c) 14 mm, and (d) 18 mm. [Color figure can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (5), May 2018
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2.D. Monte Carlo simulation
The simulations for this study were performed using
the Geant4 simulation package, which is a Monte Carlo
simulation toolkit developed and maintained by the Geant4 collaboration.15–18 Its predecessor was developed to run
simulations of high energy physics at CERN but it has
also found applications in various other fields including
medical physics. To reduce the simulation time, the parallel computing capabilities of the Geant4 package were
taken advantage of by running it on the Palmetto Cluster
of Clemson University.
Version 10.03.p01 of the Geant4 toolkit was used to
for the dose calculations of the RGS. Similar to the
Gamma Knife sample code provided with the toolkit, we
introduced a general particle source (GPS), which defines
the specifications of the spectral, spatial, and angular
distribution of the primary source particles. The RGS
geometry was modeled with the built-in Geant4 geometrical elements, which allows the user to specify the material, spatial position as well as the logical relations
among the components. A combination of the G4Polycone class and Boolean solids worked best to precisely
model the RGS geometry according to the manufacturer’s
design drawings.
The 30 Co-60 sources in the RGS were modeled with
source cylinders of the exact same dimensions and were positioned within the source cavity inside the primary collimator
made of cast iron. The secondary collimator body was positioned within the primary collimator body and the collimators
were aligned with the center of the water equivalent phantom.
The water equivalent phantom was placed at the center of the
geometry world.
Generation of the primary particles (gamma photons)
occurs inside the source capsules. The GPS allows the user
to specify a volume of any dimension, location, and
orientation, inside which the particles will be created. To
accurately model the gamma photon generation, two GPS
objects with mono-energetic distributions of energies 1.33
and 1.17 MeV19 were generated. The primary particles were
generated with an isotropic angular distribution, however, a
limit of 3 degrees was placed on the h distribution to increase
the simulation’s efficiency,20 with the assumption that
gamma photons leaving the source capsule in the real system
outside this cone do not contribute much to the overall dose
distribution at the isocenter.
Geant4 offers a command based scoring mechanism
through the G4ScoringManager class. It utilizes parallel navigation in a parallel world volume, so the user can define a
three-dimensional mesh and scoring independently from the
physical geometry. To accurately model the Gafchromic films
used to measure the experimental dose distributions, we
created a scoring mesh with equivalent dimensions
(40 mm 9 40 mm 9 1 mm) that was split into 160 9 160
9 1 cubic bins. The detectors were set to record the dose
deposited in units of Gy along with the total energy in MeV.
Exploiting the symmetry of device, the scoring mesh was
Medical Physics, 45 (5), May 2018
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rotated along its z-axis to model the rotation of the treatment
head, which resulted in a considerable simplification of the
geometry code.20
For tracking the photons and particles, the Reference
Physics List simulation engine: QGSP\BIC 4.0 EMoption=
3 recommended for medical applications21 was used. The
primary particle loses energy by producing secondary
electrons or gamma photons. In Geant4, the threshold for
secondary particle production is defined in distance rather
than energy. If the primary particle has insufficient energy
to generate secondary particles that travel at least 1 mm
into the surrounding material, then no secondary particles
are produced and the primary particle loses energy due to
continuous energy loss. Thus, the stopping location of the

TABLE I. Comparison of the profile widths between experiment and simulation. All penumbra values are calculated as (90% width – 50% width)/2 and
are shown in mm.
Experiment (mm)
Collimator size

90%

4
8
14
18

Simulation (mm)

50%

Penumbra

90%

50%

Penumbra

2.82

6.02

1.6

6.54
12.26

11.11
17.61

2.13
2.68

3.12

6.21

1.55

7.31
13.59

11.53
18.62

2.11
2.14

15.83

22.16

3.17

17.26

22.83

2.79

FIG. 4. Comparison of X profiles of different RGS devices and their simulation. [S] represents simulation data and [E] represents experimental data.
[Color figure can be viewed at wileyonlinelibrary.com]
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primary particle is accurate. This allows for the use of
distance as the only parameter for the production threshold since the percentage depth dose (PDD) depends on
the material. This distance was set to 1 mm after a series
of experiments with different values to optimize our simulation time and provide accurate results given the statistical nature of the absorption.
Regarding the runtime, it takes approximately 3 h for an
IntelâXeonâCPUE5345 processor to run simulations with
the generation of 107 primary particles. During the dosimetric
modeling of the RGS, we generally used 3.6 9 1010 primary
particles to create sufficient statistics for evaluating the dose
distributions.
In order to validate the GEANT4 simulation package, we
have compared the results with experimental data from the
RGS during the normal operation mode, where the sources
maintain a constant angular velocity and produce a close to
spherical dose distribution. After validation, the simulation
package was used to predict the dosimetric properties of the
RGS for the IMRS operation mode and compared with experimental data. Lastly, the simulation platform was used to
model the dose distribution of the RGS during the proposed
SMRS modality by using harmonic angle-to-speed functions.
A part of the geometry created by our code is shown in
Fig. 2.

2294

3. RESULTS
3.A. Normal operation mode of the RGS
In the normal operation mode, the RGS produces a near
spherical dose distribution at the isocenter. To validate the
accuracy of our simulation platform and RGS model, the simulated dose profiles and penumbrae in a water phantom were
compared with those obtained experimentally for identical
conditions. The dosimetric film was located in the XY plane,
perpendicular to the longitudinal axis of the patient (Z), with
the Y-axis in the vertical direction.
Comparisons of the measured and simulated results for
the four collimators are shown in Fig. 3. Similar shapes
near the top of the distribution have been observed in previous simulations.7,8 The penumbra width was calculated
by taking half the difference between the 90% and 50%
widths, similar to Kubo et al.6 Table I shows the tabulated
values of the 50% and 90% widths for the experimental
and simulated data.
As with the dose profiles, the agreement between the
experimental and simulated penumbra widths are better for
the 4 and 8 mm collimators compared to the 14 and 18 mm
collimators. At the 50% width, the simulation and the experiment profiles closely match each other. Near the maximum
dose regions, the experimental profile falls off faster causing

FIG. 5. Intensity modulated radio surgery (IMRS) mode of RGS comparing the dose delivered by the 4 mm and the 18 mm collimator between the Simulation
(a), (b) and Experiment (c), (d).
Medical Physics, 45 (5), May 2018
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the experimental penumbra to be slightly larger than that
obtained from the simulations, with the maximum difference
of 0.76 mm for the 18 mm collimator and minimum of
0.05 mm for the 8 mm collimator.
In order to compare different RGS devices and models
described in the literature, we have included their 18 mm collimator X profiles in Fig. 4.
The experimental and simulated results from these studies
show good agreement, which indicates that different RGStype machines produce similar dose distributions with slight
changes to the profile, as shown in Fig. 4. The UC Davis
machine’s design was changed on the site during installation
which might have led to a narrower falloff as described in the
work by Kubo et al.6
3.B. IMRS operation mode of the RGS
To study the dose distributions for the IMRS operation
mode of the RGS, the radiation was blocked for orbital angles
from 61° to 180° and 241° to 360° for both the simulated and
experimental tests. The resulting dose distributions were no
longer spherically symmetric since the incoming radiation is
blocked from two opposite directions. The dose distributions
adopted an ellipsoid shape as the irradiated region is shorter
along the direction of the blocked angles than those for the
unblocked angles. This is evident from the elliptic dose distribution displayed on the Gafchromic films shown in Figs. 5(a)

2295

and 5(b) for the 4 and 18 mm diameter collimators, respectively.
A comparison of the dose profiles along those two directions is shown in Fig. 6. The 90% and 50% widths along the
blocked directions are shorter than those along the unblocked
directions. Furthermore, the penumbra is considerably sharper along the short axis of the dose distribution than that of
the long axis and those measured during the normal operation
mode.
3.C. Speed modulation mode of the RGS
Even though the IMRS operation mode of the RGS offers
a sharp falloff as demonstrated in the previous section, one
apparent disadvantage is that the sources are off for a considerable fraction of the time. The additional time needed to
deliver the desired dose will depend on the ratio of the total
angles blocked to the total angles traversed. In this study, the
use of the IMRS modality results in a threefold increase in
delivery time, which is impractical for the treatment of conditions that require a high dose. To circumvent the increased
treatment time while maintaining the benefits of the IMRS
mode, we simulated a novel operation mode of the RGS,
called the speed modulated radiosurgery (SMRS) mode.
Instead of blocking the radiation at certain angles, in the
SMRS mode, the orbital speed of the RGS is modulated as a
function of its angle around the patient. Figure 7 shows the

(a)

(b)

(c)

(d)

FIG. 6. Profile comparison along the short and long axis for the intensity modulated operation in 4 mm (a), (b) and 18 mm (c), (d) configuration. [Color figure
can be viewed at wileyonlinelibrary.com]
Medical Physics, 45 (5), May 2018
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FIG. 7. Simulation of speed modulated radio surgery (SMRS) mode of RGS. (a) and (c) show cosine modulation, while (b) and (d) show sine modulation of the
angles for 4 mm and 18 mm sizes of the collimator.

simulated dose distribution for the SMRS mode of the RGS.
In Figs. 7(a) and 7(c), the rotational speed of the collimators
was a sine function of the angle for the 4 and 18 mm collimators, respectively. For Figs. 7(b) and 7(d), a cosine function
was used for the same collimators. The dose distributions
produced are similar to the IMRS mode of the RGS. A comparison of the long and short axes of the dose distributions
for the 4 and 18 mm collimators are shown in Fig. 8. Figure 8(a) has the comparison of the profiles from the 4 mm
collimator configuration, while Fig. 8(b) shows the comparison of profiles from the 18 mm collimator configuration.
The dose profile along the short axis has a sharper falloff
compared to the dose profile along the long axis. This is similar to the dose profiles obtained from the IMRS mode
described in the previous section; however, with a reduced
irradiation time. The comparison of the penumbra produced
by the IMRS and the SMRS mode are shown in Table II.
The penumbra varies approximately 0.28 mm for the
4 mm collimator configuration, while it varies less than
0.1 mm for the 18 mm collimator configuration.
4. DISCUSSION
Although the normal operation mode of the RGS can
safely and effectively treat various lesions, dose spillage
into surrounding healthy tissues makes it risky or
Medical Physics, 45 (5), May 2018

impossible to treat cases near critical regions at risk.
Blocked angle operating of the Gamma Knifeâ has been
shown to effectively treat challenging skull based
lesions22; however, alternative modalities have not been
systematically studied for the RGS. This paper presents
the first results of a systematic study of two novel RGS
operation modes, IMRS, and SMRS. The normal operation and IMRS modalities were analyzed by comparing
the experimental and simulated dose profiles and penumbra. Figure 3 shows that there is a systematic deviation
between the simulated and experimental dose profiles,
such that the agreement is better for the 4 and 8 mm collimators than for the 14 and 18 mm collimators. Specifically, the simulated falloff and maximum dose regions are
in better agreement in the 4 and 8 mm collimators similar
to previous model calculations.8
In contrast to simulations performed by Cheung et al.,7
the current simulation shows considerable improvement, as
the simulated results agree better with the experimental data
as shown in Fig. 4. The percentage differences are more pronounced for the larger collimators; however, all profiles show
good agreement. The agreement between the simulated dose
profiles and experimental and published data validates the
ability of our Geant4-based, Monte Carlo simulations for
dose profile and penumbra calculations for the RGS and
other SRS devices.
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(a)
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(b)

FIG. 8. Profile comparison along the short and long axis for the speed modulated operation in (a) 4 mm and (b) 18 mm configuration. [Color figure can be
viewed at wileyonlinelibrary.com]

TABLE II. Comparison of the profile widths between simulations of IMRS and SMRS mode of operation. All penumbra values are calculated as (90% width –
50% width)/2 and are shown are in mm.
IMRS (mm)

SMRS (mm)

Collimator size

Axis

90%

50%

Penumbra

90%

50%

Penumbra

4

Long

3.9

7.59

1.85

3.62

7.88

2.13

Short

2.33

4.9

1.29

2.34

5.2

1.44

Long

20.31

27.59

3.64

19.85

27.61

3.87

Short

16.03

19.33

1.52

15.98

19.21

1.61

18

The IMRS modality exhibits a sharper dose falloff in the
regions where the radiation is blocked. However, the dose
delivery time increases in comparison with the normal operation mode. Nonetheless, our results suggest that the RGS
IMRS mode could be used to safely target cases near critical
regions, such as TN, that it cannot during normal operation.
Results from the SMRS simulations show that this
modality produces a sharper penumbra than the normal
operation mode in the regions where the orbital speed is
increased. However, unlike the IMRS mode where the
desired dose accumulates in an intermittent manner, in the
SMRS mode the dose accumulates continuously, and thus
decreases the time to achieve the desired dose in the center.
The speed modulation functions for this study were chosen
to allow for comparisons with the IMRS mode; however, we
anticipate that more sophisticated functions could further
improve critical tissue sparing, as well as target coverage,
conformity, and treatment times. In contrast to the spherical
shot placement method currently used for the RGS, SMRS
may eventually be used to perform a continuous “dose
sculpting” procedure for lesions near critical regions, such
as the optic nerve and the brainstem, while reducing the
overall treatment time.
Medical Physics, 45 (5), May 2018

5. CONCLUSION
The simulated dose profiles and penumbra were found
to be in strong agreement with those obtained from measurements for the normal operation mode of the RGS.
MC calculations of the dose profiles and penumbra for
the IMRS operation mode also show a good agreement
with the measurements. When operating in the IMRS
mode, the RGS is capable of dose modulation where the
dose distribution is highly restrained with sharper penumbra in the regions where the radiation is blocked. Due to
the complete blockage of radiation during the procedure,
the average dose rate can be factors lower, depending on
the size of angular regions blocked. IMRS with the RGS
could thus be clinically applicable for the treatment of
lesions near vital regions at risk. The SMRS MC calculations reveal that this novel operation mode produces a
sharper penumbra in regions where the orbital speed is
increased. Unlike the IMRS mode, however, the SMRS
mode does not increase the dose delivery time. More
sophisticated functions could allow for the continuous
delivery of radiation, which would reduce treatment times
substantially.
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X-ray cabinet to deliver highly characterized low-dose X-ray radiation to bio-samples
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We have designed and tested a climate-controlled, radiation-shielded incubator cabinet for the purpose of
analyzing the effects of low dose X-ray radiation on biological tissues and cell cultures. Bremsstrahlung X-rays
incident on exchangeable fluorescence plates produce strong, quasi-monochromatic radiation directed toward
a small sample container. X-ray source, sample, and detector are enclosed in the incubator – maintaining
the optimal environment for biological samples to increase longevity to a maximum 72 hours. An example
experiment is performed observing rat Vascular Smooth Muscle Cell growth after using characteristic X-rays of
iron, copper, and calcium to impart a dose of 2 mGy. All irradiated cultures show significant increases in cell
number over controls at 48hrs. Interestingly, the increases were spectrum dependent. although the total dose
was the same, the cultures irradiated with characteristic x-rays from iron had significantly more cells than the
other irradiated culture conditions. The experiment lends credence to the efficacy of the apparatus and shows
promise for future low dose bio-radiation analysis.
Note: This article has been submitted to Review of Scientific Instruments. After it has been accepted and
published, it will be found at https://aip.scitation.org/journal/rsi

The effect of low dose radiation on tissues and organs is
an ongoing debate within the radiation biology community.
It is an important research area due to the many common
low dose sources that can produce these effects such as X-ray
and CT diagnostic devices, therapeutic instruments, naturallyoccurring background radiation, cosmic radiation, and even
spill-outs from disaster areas like Fukushima. Medical imaging, for example, has now become a routine procedure in the
US with approximately 70 million scans carried out each year
[1]. Concerns regarding risks from the cumulative exposure to
ionizing radiation that originate from these sources are being
raised [2–4]. As a result, scientific societies are assessing carcinogenic risks [5] and regulatory bodies have initiated safety
studies [6–8] related to radiation. Recent experiments have
also suggested that exposure to low-dose radiation in space
may have long-term effects on astronauts or space travelers
[9, 10].
The difficulty of these studies stems from the fact that the
subjects are biological systems (from cells to animal models)
with complex time-varying feedback mechanisms and the outcome strongly depends on the initial conditions. Low-dose radiation on cells, for example, has shown wide ranges of results
due to the variation in cell types, radiation source, and doses
[11–15]. Some studies have shown no effect below a certain
dose threshold (< 0.1 Gy) [11, 12] while others suggested the
appearance of positive effects on certain cell types and in animal models [13–15]. Some of these experiments, however,
are difficult to reproduce due to the lack of sufficient information about the exposure conditions including the radiation
type, dose-rate, geometry, filters used, arrangement of tissues
in containers, and other environmental conditions that might
affect the dose delivered to the sample.
In order to carry out related research in our lab, we have
designed and built an X-ray irradiator device that allows the
control and measurement of radiation and external conditions
during the irradiation of cell cultures. One of the unique fea-

tures of the instrument is that the irradiator was designed to
operate inside an incubator, which provides better control over
the environmental conditions for the cell culture samples. It
also incorporates a single-photon counting X-ray detector that
continuously monitors the arrival of X-rays, which together
with preceding geometrical, physical, and spectral calibration
procedures provide well characterized and reproducible radiation conditions.
The present paper describes the design, calibration procedures, and one of the initial experiments of the X-ray irradiator that was put into operation at the Medical Physics Lab of
Clemson University.

I.

SETUP

The components of the irradiator setup were designed to
fit inside a commercial biological incubator cabinet with precise temperature and atmospheric control. The temperature,
humidity, and CO2 composition are being monitored and controlled by the built-in sensors and electronics that did not require further modifications once the irradiator with a radiation
safety box was placed inside.
The irradiator itself is an X-ray fluorescence source with
replaceable fluorescence plates that produce strong characteristic quasi-monochromatic radiation upon irradiation from
bremsstrahlung X-rays from a source. The geometry of the
irradiator box can be seen on Fig.1. The X-ray source has
a power rating of 4 W and is capable of handling a maximum tube voltage of 50 kV and a maximum electron current
of 40 µA[16].
Since the objective was to build a radiation-safe X-ray irradiator device to perform experiments involving low-dose
of X-rays, the X-ray tube, the metal reflector plate, holder
of biological samples, and the detector were placed inside a
custom designed steel cabinet. The cabinet was made from
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6 mm thick stainless-steel sheets with external dimensions of
42 cm×36.8 cm×15.7 cm. The front side has a sliding door to
access the inner area with radiation safe slots design to allow
the temperature and environment to be controlled by the incubator while preventing any X-rays from escaping. A small
slit at the top of the cabinet allowed the installation of a PCIe
slot fan with dual purpose — provide airflow to maintain the
incubator environmental conditions and cool the X-ray tube.
The design of the radiation safety box can be seen on Fig. 2.
The X-ray tube is mounted on a stand fixed in place at an
angle facing the X-ray fluorescent plate holder. There is a secondary fan installed below the holder with some displacement
brackets to further help the cooling of the X-ray tube. The
fluorescent plate has dimensions of 10.3 cm × 10 cm × 0.3 cm
and is fixed on a rotatable pivot point. Different metal plates
have been tested as targets providing characteristic X-ray
peaks according to their material. Non-metallic elements
can be painted or glued onto the plates provided that they
have the necessary thickness to fully absorb the incoming
bremsstrahlung X-ray beam to avoid the appearance of X-ray
peaks from the base plate.
The holder for the biological sample cup was designed to
position a plastic cup with a mylar foil above the fluorescent plate. The selection of the commercially available selfassembled high-density polyethylene (HDPE) cup[17] with a
6 µm thick mylar foil bottom was made to allow the low energy X-rays to reach the cell cultures without considerable attenuation. This is a critical feature of these experiments as
low-energy X-rays show strong absorption even in thin layers
of material, therefore standard cell culture dishes would not
work. Attenuation of radiation through the mylar bottom was
considered in the final dose rate calculations.
A Si-PIN diode solid-state X-ray detector was chosen to
monitor the X-ray radiation during the irradiation and in preceding calibration measurements[18]. During the irradiation
the detector and the sample holder are at fixed angle of 10 degrees apart. The detector holder plate is mounted on a linear
rail attached to an arced groove to enable the change of its
distance and direction from the fluorescent plate. In the absence of the biological sample cup holder in place, the detector can be placed exactly at the position of the tissue samples.
This position allows the measurement of X-rays right at the
location of the tissues, while rotated to the side allows for the
continuous monitoring of the radiation during the irradiation
process.
During the calibration of the geometrical arrangement, the
detector setup can be pivoted around the fluorescent plate that
enables the angular rotation θ of the detector setup with respect to the plate and it can slide along the rails for adjusting
the distance ~r. A metal ruler is attached to the rails so that
we can measure the distance of the detector from the reflector
plate. The nose with the front window of the X-ray tube is enclosed in a solid steel cube of side 4.44 cm to shield the sample
and the detector from any direct radiation from the tube. The
only radiation reaching the sample is monochromatic X-ray
florescence from the fluorescent plate. There is a junction box
at the top of the cabinet which houses all cable connectors
from outside and also shields all external ports thereby avoid-

FIG. 1. X-ray fluorescence source and the detector arrangement inside the cabinet. The detector is placed in the position of the biological sample for calibration.; Inset: The radiation box from outside
showing the shielded opening slots.

ing any leaks through the power and data ports. This cabinet
is housed in an incubator[19] that maintains the designed temperature and CO2 levels for the cell cultures. The incubator
was tested for leaks by powering on the tube and measuring
the leakage with a survey detector to make sure that there was
no stray radiation coming out of the incubator.
II.

DETECTOR CALIBRATION AND TRANSMISSION
CORRECTIONS

For the geometrical survey of the radiation emitted by the
fluorescent plate the X-ray tube was powered with a voltage
of 15 keV and a current of 75 µA. Single X-ray photon counts
were detected and acquired as a spectrum. Characteristic Xray peaks of copper were identified and used to characterize
the spatial dependence of the X-ray radiation field. The detector was placed at distances between 10.1 cm and 13.1 cm
from the plate with 1 cm increments and 20 degrees on either
side of the central position with 2-degree increments. The intensity of the Cu Kα peak was plotted on Fig. 3. shows that
there is not much variation in the photon count with respect
to the angular position of the detector as X-ray fluorescence
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FIG. 2. Illustration of the radiation safety box and the sliding door
with the opening slots. Inset: a cut-out view of the radiation leakproof door

FIG. 3. Intensity of the Cu Kα peak as a function of the detector’s
position

from the metal plate does not vary strongly in the range of 20
degrees on either side of the central axis. The count rate drops
as a function of detector distance from the fluorescent plate.
In order to identify the characteristic peaks and assign energy to the individually detected photons the energy calibration of the detector was based on the known energies of the
characteristic K peaks of copper, iron, nickel, and argon. Xray peaks were fitted with Gaussian functions of the pulse
height distribution and the channel positions were assigned
according to the peak position parameters. The calibration
curve obtained is shown on Fig. 4 and the calibrated spectrum
on Fig. 5. It can be seen that the fluorescence spectrum originating from the copper plate is dominated by the Kα and Kβ
peaks of Cu and Ni with smaller contributions from scattered
bremsstrahlung X-rays from the tube and smaller characteristic peaks from neighboring surfaces.
The number of photons in each calibrated channel allows
for the determination of the absorbed energy at the X-ray energy corresponding to the particular channel. This is the basic
input that goes into the dose and dose rate determination. Due
to the single photon nature of the detection method, the uncertainty of the dose determination can also be estimated by

FIG. 4. Energy calibration curve of the Si-PIN diode detector based
on known K transition lines

FIG. 5. X-rays spectrum obtained using a copper plate with the detector in the position of the biological sample. A third order polynomial can approximate the small bremsstrahlung background radiation
reaching the detector in this range.

assuming that the uncertainty of the photon count in a certain
channel is square root of that number.
The definition of the absorbed dose is the expectation value
of energy imparted into matter per unit mass at a point [20]. In
order to determine the dose absorbed by the biological sample medium, we must first find out the number of photons that
would be stopped in the medium given the number of photons
counted on the detector. In addition, there are certain corrections that need to be considered based on the absorption of
X-rays both during the detection and the irradiation.
X-ray counts obtained from the detector must be corrected
for the transmission rate of X-ray photons through different
media that they encounter before reaching the detector. For
example, before reaching the Si absorber within the detector,
the photons must pass through a 12.5 µm thick Be window
and a layer of air between the plate and detector. Thus, the
count we obtain is less than the actual count due to absorption
in these materials. We should also accommodate the dead time
of the detector when its electronics is not capable of receiving
a photon. During the irradiation of the biological samples, the
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photons travel through air and the mylar sheet under the cell
culture which is approximately 6 µm thick. In order to include
this correction, for each medium, the energy dependent X-ray
transmission coefficients from a standard reference table [21]
were used to correct for the final photon count and uncertainty.
The final photon count was then converted to its corresponding energy deposition and the dose absorbed was calculated
by dividing this with the mass of the cell culture medium.
III.

DOSE RATE AND ABSORBED DOSE CALCULATIONS

In order to calculate the required irradiation time for a particular cell culture experiment the dose rate resulting from
the use of a certain fluorescent plate and X-ray source setting
needs to be obtained. The actual received dose can be accurately determined after the experiment using a similar method
and the X-ray data collected during the irradiation.
A sample spectrum on Fig. 5 was obtained with the detector
in the position of the biological tissue sample. A similar spectrum can be obtained during the irradiation with the detector
at an off angle position. To calculate the energy deposition
the total X-ray counts at every energy bin needs to be corrected for the dead time of the detector, the absorption due to
the Be window in front of the detector, the absorption through
the layers of air between the fluorescent plate and the detector
window and the plate and the cell culture sample, the absorption by the mylar sheet below the cells, and the thickness of
the cell culture medium.
In order to calculate the dose, the detector surface area also
need to be considered. This will enter into the calculation of
the mass of the absorbing sample. The last piece of correction that need to be accounted for comes from the geometric
location of the detector during the data collection. The layer
of cell cultures is usually about 5 µm thick and the nutrition
media on top of the cells is about 1-2 centimeters. X-ray absorption directly effecting the cells take place within the cell
culture layer, but indirect effects (e.g. via free radical production in the media) can originate from the thicker layer. For the
purposes of our calculation we can approximate the properties of both layers with those of water. The absorption coefficients at X-ray energies that correspond to the main peaks of
the spectrum on Figure 5 of different materials are shown in
Table 1[21].
The formula that calculates the average dose received by the
sample as a function of the photon counts in each energy bins
of the detector can be written as below. In order to calculate
the dose rate this needs to be divided by the total acquisition
time of the spectrum.
D=

∑ni=1 Ni × Ei ×Ci
M

where Ni is the counts at each channel, Ei is the X-ray energy of the corresponding channel, M is the mass of the biological sample (either the cell culture for the direct absorption
or the nutritional media) corresponding to the detector’s surface area. Ci contains the correction terms discussed above

TABLE I. The absorption coefficients at X-ray energies that correspond to the main peaks of the spectrum
Signature Energy 12.5 um
6 um mylar 5um Water
in KeV Be Window Sheet
Ar Kα
2.96
0.95019
0.89266
0.89266
Ar Kβ
3.19
0.96042
0.91301
0.91301
Fe Kα
6.4
0.99543
0.98912
0.98912
Fe Kβ
7.06
0.99660
0.99197
0.99197
Ni Kα
7.47
0.99713
0.99326
0.99326
Cu Kα
8.05
0.99768
0.99461
0.99461
Ni Kβ
8.26
0.99784
0.99504
0.99504
W Lα
8.4
0.99794
0.99530
0.99530
Cu Kβ
8.91
0.99824
0.99606
0.99606
W Lβ
9.67
0.99858
0.99695
0.99695

FIG. 6. Illustration showing the propagation of X-rays and the corresponding transmission coefficients used in our calculation

that depend on the energy of the X-ray photon.
Ci =

Timylar × TiAir1 × [1 − TiWater ]
TiBe × TiAir2

×Cd

The photon transmission coefficients Ti in the above equation can be calculated from the tabulated mass absorption
coefficients[21] as follows:
Ti = exp (

−µi × x
)
ρi

where x is the thickness of the material (beryllium, mylar, Water or Air), ρ is the density of the material, and µi is the mass
absorption coefficient at the photon energy corresponding to
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bin i.
Cd is the correction term due to detector’s dead time. Given
photon counts in the sample spectrum of Fig. 5, the dose
absorbed per minute by the cells was 6.79µGy/min ±
0.15 µGy/min.
IV.

CELL CULTURE IRRADIATION EXPERIMENT

Experiments were done on a variety of cell types. The below example used Vascular Smooth Muscle Cells [V SMCs]
which are derived from rats. These cells were at a passage of
9 when plated onto the mylar film. The cells were cultured
in media made from 500 mL of Dulbecco’s Modified Eagle
Media [DMEM], 50 mL of Fetal Bovine Serum [FBS], and
10 mL of Antibiotic-Antimycotic. The cultures were seeded
at 10, 000 cells per mylar cup and were allowed 18 hours to
attach before being irradiated. It should be noted that not all
cell types will attach and grow well on mylar. For less adherent cells ( cardiomyocytes, neurons, etc) or for longer culture
times, coating the mylar with an adherent peptide (e.g., RGD)
or protein (e.g., collagen) may be necessary. For those cultures the thickness of the protein layer needs to be accounted
for in the dose calculation.
The variable tested in this experiment was the average soft
X-ray energy that depended on the type of fluorescent plate
used. In each case cells were set to receive a fixed dose of
2m Gy. The cells were split into four equal groups, and each
group was given a different energy irradiation. Group A was
dosed via an iron plate, Group B via a copper plate, Group
C via a calcium plate, and Group D was left unirradiated as
control. All cells traveled together and were stored together,
even those not receiving irradaition.
Proliferation assays were completed 8, 24, and 48 hours
after irradiation. The results can be seen in Fig. 6. It has
been observed that after 36 to 48 hours, the cells multiply at a
slower rate. This is expected due to crowding of the cultures
with confluency. Figure 6 shows the results of the proliferation assay with n = 9 for each condition and time point, except
the iron irradiation at 24hr which only had 8 samples.
A proliferation assay was also completed at 72 hours, n=0
for each condition. However, as previously mentioned, the
cultures reached confluence at this time for all conditions.
The cells covered most of the culture surface in a solid monolayer. To explore the effect of radiation on longer term (>48hr)
VSMC cell growth, in future experiments, the initial cell count
per sample will be reduced. In the future, the initial cell seeding can be reduced to 40, 000. This will allow experiments to
successfully continue up until 72 hours. It should be noted that
only a small portion of the cells plated actually initially stick
to the mylar surface. This is likely due to the fact that while
VSMCs are adherent, the mylar surface lacks the specific attachment moieties to allow for integrin binding. Coating the
substrate with collagen or fibronectic could aid in initial cell
attachment.
Every data set, when compared to its corresponding control
set, was found statistically significant via a paired Student’s
t test where p < .05, with the exception of Copper at the 24

FIG. 7. Cell response after radiation

hours post irradiation. The growth from 24 hour to 48 hour is
most prominent, where all irradiated samples grow exponentially faster than the control. It is also clear that the changing
of the plate used has an impact on the treated cells. Based on
this data, we can say that cell proliferation depended on the
plate used for irradiation (Iron>Copper>Calcium>Control) by
48 hours whereas the differences at <24 hours were not as pronounced. There was no significant cell death seen in any of the
culture conditions indicating that the low 2mGy dose was well
under the threshold to elicit apoptosis. This is consistent with
our previous findings with an earlier version of our irradiation
system, where we showed increased proliferation of 3T3 fibroblasts 48hrs after irradiation with characteristic copper Xrays[22], that irradiated cells proliferate faster than their control counterparts. We have started a new set of experiments to
isolate energy and dose rate dependence, to determine which
variable, if not both, is causing the cells to produce the observed time dependence pattern. Additionally, other cell types
are being tested in order to confirm if the impact of the radiation is dependent on the cell type. Polymerase Chain Reaction
Analysis [PCR] will be performed to determine if there is any
change in the genetic information of the cells, which we believe could be the cause of this change in growth.

V.

CONCLUSION

The design of a new environmentally controlled X-ray
setup allows the irradiation of different cell cultures for wellcharacterized, systematic experiments. The entire irradiator
box is small and can easily fit inside a standard incubator. Radiation safety, X-ray generation and detection considerations
drove the development of the configuration. X-ray fluorescence radiation from the metal plate is carefully characterized
and offers tunability in energy and dose rate. When the tube
is operating at 15 keV and 75 µA settings, at a distance of
10 cm from the plate, a cell culture layer of 5µm received a
direct dose rate of 6.79 µGy/min ± 0.15 µGy/min. As the
biological samples are prepared in a standard mylar bottom
plastic cup, it offers the flexibility of a wide range of cell types
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and the use of different nutritional media. Larger samples like
tendons and small tissues can also be irradiated after considerations of the geometrical arrangements. The setup allows us
to perform a systematic study of the effect of low-dose X-ray
radiation on cells under well-controlled conditions.
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